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Abstract 
 
Being able to accurately predict the lifetime of polyolefins is very important in 
industry for water and gas distribution systems. Having reliable knowledge of the 
lifespan and maintenance requirements of such networks is crucial to be able to 
schedule maintenance and avoid emergency repairs which are very costly and 
disruptive especially when pipes are run under busy streets of towns, cities and other 
thoroughfares in highly populated areas. There is much research into improving the 
reliability and longevity of polyolefins. To do this, there needs to be an understanding 
of the failure mechanisms brought about by ageing. Newer resins are increasingly 
resistant to onset of brittle failure and as such current test methods are struggling to 
keep up with their assessment. Therefore, more discriminating laboratory 
experiments are required to measure the improved resistance of brittle fracture of 
these newer resins. 
 
When investigating Slow Crack Growth (SCG) in polyethylene (PE) it is important to 
understand how a crack is initiated and the mechanisms by which it propagates. 
Several of the main tensile, constant stress tests that are currently used to evaluate 
polymer life expectancies that have been proven by many researchers of SCG over 
the years are described, as well as several notching methods associated with the 
tensile tests. 
 
For the new experimental procedure the research partner required the following 
conditions:  
 To be a tension test with plane strain stress conditions, 
 For the sample to be in a bath at elevated temperature and with an 
accelerating agent (Arkopal N100).  
 Failure times to be faster than the current setup using the Full Notch Creep 
Test (FNCT) and the samples used must have certain dimensions.  
 The evaluative procedure to be able to simply rank PE grades by failure time 
and then if possible correlate the failure times to life expectancy. 
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For development of the new experimental procedures the starting point was the 
standard FNCT which has a square ligament cross section. By modifying ligament 
cross section, applied stress, notch depth, notch angle and notch geometry a more 
discriminating experimental procedure was developed which reduced the time to 
failure by roughly half when compared to the FNCT. This failure time can then be 
correlated to an approximation of the pipes ESCR, i.e. its lifetime whist in use. 
 
Results clearly demonstrated the transition for ductile to brittle behaviour with ageing 
of the polymer resins. A valuable acceleration of the failure process has been 
achieved which allows an increased number of assessments to be made on new 
resins. Failure processes have been observed optically and by Scanning Electron 
Microscope (SEM) to identify the micro-mechanisms of fracture. 
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Chapter 1  
1 General Introduction 
 
1.1 Introduction 
Polyethylene has been in use now in the UK since the 1960s for gas and water pipe 
distribution networks. It had many advantages over the iron alternatives available at 
that time. It is non-corrosive, so service intervals were much longer, being light and 
ductile allowed for very long sections of pipe to be manufactured and then stored 
and transported in reels. Once on site they could be laid much faster and easily than 
metal alternatives as the longer sections meant that less welding and joining had to 
be done. All these advantages meant that time and money was saved by using these 
new techniques making polyethylene very popular in industry.  
 
 
Figure 1.1 – Modern pipe laying techniques. PE pipe supplied in large drums and then rolled 
out into a pre-dug trench. (from www.totalpetrochemicals.biz) 
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Once laid the polyethylene pipe has a very long lifetime, usually guaranteed for at 
least 50 years. However there are two mechanisms of failure that are known to occur 
that will cause failure well within the expected lifetime of a polyethylene pipe in 
service. The first is rapid crack propagation (RCP) and occurs at high strain rates 
and low temperatures, usually after a sudden, large impact to the pipe. A crack can 
reach speeds in excess of 100 m/s, travelling very large distances and destroying 
huge amounts of pipe. The second mechanism is brittle slow crack growth (SCG). A 
small scratch or other form of unintentional damage to the pipe whilst it was being 
buried or handled by service crews becomes a site of stress concentration. A yield 
zone or craze forms and slowly grows with the help of external forces (e.g. pressure 
from within the pipe and/or traffic loading). Once the craze becomes a critical size it 
will fail in an abrupt, brittle manner. Again this can destroy large amounts of pipe 
very quickly and this often causes major disruption and costs companies large 
amounts of money in down time and repairs. 
 
In the 1980s the “second generation” High Density Polyethylene (HDPE) also called 
PE80 was produced. This was a major step forward in environmental stress crack 
resistance (ESCR) by the addition of co-monomers and it gave a better balance 
between flexibility and long term strength (Sabic 2005). Then in the 1990s the “third 
generation” of HDPE also known as High Performance Polyethylene (HPPE) or 
PE100 was produced with improved lifetime and strength. It could also compete on 
price with uPVC which had begun to dominate the market. Development of HPPE is 
still ongoing and constantly progressing for use in a wide variety of pipe applications.  
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Figure 1.2 – Western European PE pipe market split by application. Before the current global 
recession there was an annual growth rate of approximately 4% per year. (from 
www.totalpetrochemicals.biz) 
 
HDPEs qualities are: 
 Immunity to corrosion and resistance to most chemicals. 
 Highly resistant to encrustation and abrasion. 
 Lightweight and easy to handle. 
 Manufactured to required lengths due to production by extrusion. 
 Good flexibility and can therefore be transported in large coils. 
 Lengths can be joined by electro-fusion or butt welding creating a sealed, end 
load bearing system. 
 Can be used in all modern and renovation pipe laying techniques. 
 Good mechanical properties permit a thinner pipe wall than other polymers, 
reducing material costs. 
 Thinner pipe walls increase bore diameter and thus flow rate as pipes are 
produced to standard external diameters. 
 High internal pressure ratings. 
 Exceptional resistance to RCP. 
 
Numerous studies have been completed on laboratory sized specimens to assess 
the reliability of large pipes. Some such test are the Pennsylvania Edge Notch Test 
(PENT) (Lu & Brown 1992), the circumferentially deep notched tensile test (CDNT) 
(Duan & Williams 1998), and the Full Notch Creep Test (FNCT) (Fleissner 1998). 
The aim of these tests is to accelerate the failure to within a reasonable timescale 
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and reduce the cost by avoiding expensive large scale testing. These tests have 
been shown to give a good correlation between laboratory results and the lifetime of 
pipes through their resistance to SCG (Lu, Zhou, & Brown 1997;Trankner, 
Hedenqvist, & Gedde 1996). This is due to the very localised nature of the damage 
ahead of the crack tip on large pipes, which can be replicated on small samples. 
 
When new polymers are developed it is necessary to test how resistant they are to 
SCG and also gain feedback so that continual development can take place. However 
current standard tests can take a very long time to complete and new polymers can 
be developed faster than they can be tested. It is therefore necessary to use a test 
that reduces failure times to within reasonable margins. It is also very important that 
these tests are repeatable and that they can be correlated to real failure times 
accurately and consistently. 
 
1.2 Project Aims 
The primary aim of this project is to investigate various, established and new, 
notching techniques and improve upon the current methods that are in place at the 
research partners laboratories. Characteristics such as notch depth, angle and 
geometry as well as applied stress are investigated. The level of success is 
measured in the times to failure of polyethylene samples with the goal of a reduction 
in time to failure of half that obtained in the research partner’s laboratory under 
current test conditions. To save investigation time, much initial research was carried 
out on an older grade of polyethylene that failed relatively quickly and then once a 
technique had been established, an intermediate and then finally an advanced resin 
were tested.  
 
Due to the commercial nature of the resins, very little information was divulged about 
their properties and characteristics which limited the scope of investigation to mostly 
experimental research. 
 
A portion of the project was also dedicated to investigating secondary aims which 
were the investigation of other factors that might affect the failure times, for example 
cutting techniques for sample preparation, and an investigation of the stress 
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distribution through a slice of the sample using photographic Digital Image 
Correlation techniques. Finally the craze damage formations were investigated using 
SEM to try and understand why the different resins failed in the manners that they 
did. 
 
This thesis will also describe the laboratory and equipment that was designed and 
constructed as well as the preparation and testing procedures that were developed. 
 
1.3 Thesis Outline 
This thesis is organised in the following way. In Chapter 2, a literature review is 
carried out on subjects relating to this field of study, Chapter 3 describes how the 
experimental equipment was designed, built and operated, followed in Chapter 4 by 
the introduction of the materials to be tested as well as how they were manufactured 
and prepared for experimentation. Chapter 5, discusses the results from the SCG 
testing and how various physical parameters affect the failure times. Chapter 6 
discusses the findings of the DIC technique and relates them to the different 
ligament types. Chapter 7 discusses the different craze damage mechanisms 
observed using SEM and relates them to the different materials and their relative 
failure times. Finally, Chapter 8 summaries all the findings and gives the concluding 
remarks. 
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Chapter 2  
2 Literature Review 
 
2.1 Introduction 
The greatest single contributor to the growth of the plastics industry was the 
development of the petrochemicals industry, which today greatly depend on one 
another for survival.  
 
Shortly after World War I the petrochemicals industry was founded and produced 
solvents from olefins which were the waste products of the oil “cracking” process 
(breaking down higher molecular weight petroleum fractions into lower molecular 
weight fractions like gasoline). By World War II the industry had grown and was 
producing other products such as ethylene dichloride and styrene. In its early days 
polyethylene was produced from sugar cane molasses via ethyl alcohol and 
ethylene. Now however, ethylene is obtained almost completely from petroleum as it 
can be produced in large quantities more efficiently. 
 
2.2 Polyethylene 
Polyethylene is a thermoplastic and has one of the simplest basic structures of any 
polymer and is also the largest tonnage plastics material used today. It is a 
polyolefin, which is a type of polymer made from unsaturated aliphatic hydrocarbon 
monomers containing a single double bond per molecule. 
The main attractive features are; very good chemical resistance, good toughness, 
processability, flexibility, excellent electrical insulation and certain grades in thin 
films, its transparency. 
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Although polyethylene by name is a polymer of ethylene produced by addition 
polymerisation, linear polymers with the same formula have been prepared by 
condensation reactions by von Pechmann (Pechmann 1898) and later by Bamberger 
and Tschirner (Bamberger & Tschirner 1900). 
 
In 1936 Fawcett (Fawcett 1936) reported on a free radical initiated, high pressure 
process of producing highly branched polyethylene with a molecular weight up to 
50,000, from ethylene which was then commercially produced under patent by ICI. 
These materials became known as low-density polyethylene (LDPE) and the process 
was further developed to produce functional ethylene copolymers like poly (ethylene-
co-vinyl acetate) (EVA). Then around 1955 two more methods emerged, the Phillips 
process and the Ziegler process (Zeigler 1954). These used lower pressures and 
produced harder polymers with higher densities and higher softening points. They 
became known as high-density polyethylene (HDPE). In contrast to LDPE polymer 
chains, they had linear backbones without any measureable branching.  
 
By the late 1970s a new variation of polyethylene, which had better mechanical 
properties than LDPE but was not as easy to process, started to gain popularity in 
industry, especially for film making, and was named linear low density polyethylene 
(LLDPE). Closely related, in 1983 very low density polyethylene (VLDPE) was 
introduced by Union Carbide and ultra low density polyethylene (ULDPE) by Dow 
Chemical Company. 
 
Type Density Melting Point / C̊ % Crystallinity Approx. Year Developed 
LDPE 0.915 – 0.93 106 - 120 40 – 60 1936 
EVA 0.93 – 0.95 40 – 105 5 – 40 1955 
HDPE 0.94 – 0.965 125 – 135 65 – 80 1955 
LLDPE 0.91 – 0.94 120 – 125 40 – 60 1975 
VLDPE 0.89 – 0.91 118 – 122 25 – 40 1983 
Table 2-1 - Information about major types of Polyethylene. Modified from (Chum & Swogger 
2008) 
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In 1976 Kaminsky developed the metallocene catalyst process, which by the 1990s, 
enabled polyolefin producers Exxon and Dow Chemical Company to use a more 
designer approach to develop and manufacture new families of polyolefins with 
improved properties and cost, leading to a majority share of the market. Prior to this, 
all processes created complex, non-uniform mixtures that limited the designer to 
empirical models and trial-and-error approaches that did not always scale up to 
production levels. 
 
There continues to be a huge amount of interest in the metallocene catalyst process 
and as it is not a mature technology it is still undergoing constant development. 
 
2.2.1 Chemical Structure  
The chemical formula of polyethylene is [C2H4]n and is a long chain hydrocarbon with 
repeated methylene (CH2) groups as shown in Figure 2.1. 
 
 
Figure 2.1 – Chemical structure of polyethylene 
 
If a polymers structure is sufficiently regular it may be capable of a degree of 
crystallisation. Polyethylene molecules are regular enough to allow this crystallisation 
to occur. The structure that results is polycrystalline and is slightly different than what 
is considered a normal crystal structure in that it is not a single crystal. A normal 
crystal structure is grown from a single nucleus, without interruption with relatively 
few defects, however a polycrystalline structure consists of clusters of single 
crystals, grown almost simultaneously from many nuclei that intermingle. The 
resulting conglomerate may have no discernable symmetry. 
 
The theories of crystallisation in polymers have evolved heavily over the years. 
Initially it was believed that the crystallinity present was based on small crystallites of 
the order of a few hundred Ångström units (1 Å = 10-10  m) long. This is much smaller 
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than the length of a polymer molecule and it was believed that a single polymer 
molecule passed through many crystallites. These crystallites were considered to 
consist of a bundle of segments from separate molecules which had packed together 
into a highly ordered and regular structure. It was thus believed that the polymer 
passed through amorphous areas where molecular deposition was random between 
the crystallites. This theory is known as the Fringed Crystallite theory or Fringed 
Micelle theory. It helps to explain many of the properties of crystalline polymers, 
however, struggled to explain the formation of larger structures such as spherulites 
which can have diameters up to 0.1 mm. 
 
 
Figure 2.2 – Representation of molecules in a crystalline polymer according to the fringed 
micelle theory. The ordered regions are crystallites which are embedded in an amorphous 
matrix. (Brydson 1999) 
 
After work based on the studies of single polymer crystals, it was realised that the 
fringed crystalline theory was not entirely correct. It was found that the polymer 
molecules would fold on themselves at roughly 100 Å intervals to form lamellae 
which appear to be the fundamental units in a mass of crystalline polymer. 
Crystallisation spreads by the growth of individual lamellae as the polymer molecules 
align themselves into position and begin to fold. Due to the point of branching or 
other irregularity in the molecules structure, growth then spreads in many directions. 
In effect an outward growth from the nucleus and the development of spherulites 
with a regular structure. The growing polymer chains wander between lamellae 
connecting several crystalline regions and creating amorphous regions between 
them. This theory suggests a spherulite is caused by growth of the initial crystal 
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structure, whereas the fringed crystallite theory suggests that the formation of a 
spherulite required significant reorganisation of the disposition of the crystallites. 
 
Figure 2.3 - Schematic of a spherulite growing out from a central nucleation point with areas of 
crystalline lamellae between amorphous regions. (Elliot 2009) 
 
 
Figure 2.4 – Micrograph of spherulites viewed with a transmitted cross-polarised light 
microscope.  Impingement can be seen, where spherulites growing outwards from a single 
nucleating point meet each other, which impedes their radial growth. (Elliot 2009) 
 
2.2.2 Short Chain Branching 
Short chain branching (SCB) occurs during the polymerisation of polyethylene and is 
when one of the hydrogen atoms along the polyethylene chain is replaced with the 
carbon atom from another polyethylene chain as shown in Figure 2.5.  
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Figure 2.5 – The chain branching process 
 
The level of branching is dependent on the process method used. An increase in 
branching reduces close packing and therefore the polymer density as well as 
surface hardness, yield point, Young’s modulus and melting point. For example, the 
high pressure process produces polymer chains with 20 to 30 ethyl or butyl side 
branch groups per 1000 carbon atoms, resulting in a low density and opacity 
(reducing the growth of large crystalline structures). Furthermore, chain branching is 
known to obstruct the movement between molecular chains during disentanglement, 
which has a beneficial effect on its resistance to slow crack growth by preventing 
unravelling of the chains. However, for other applications such as impact loading the 
reduction of chain mobility has a very detrimental effect making it too brittle. 
 
 
LDPE – Polymer chain has many side braches 
 
HDPE – Polymer chain has few side branches and they are shorter. 
 
Figure 2.6 –Difference between LDPE and HDPE short chain branching 
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2.2.3 Polymerisation 
Over the years, as new polymer grades have been developed, new processes have 
also evolved. 
2.2.3.1 High Pressure Process 
Due to commercial secrecy few specific details have been made publicly available, 
but general process conditions are known to be between 0.1 to 0.3 GPa and 80 ˚C to 
300 ˚C. A free radical initiator like oxygen is commonly used. The process can be 
continuously operated by passing the reactants through narrow bore tubes, a stirred 
reactor or batch processing in an autoclave. Typically 10 to 30 % of the monomer is 
converted into polymer and after gas-polymer separation the polymer is extruded 
into a ribbon and then granulated. Polymer characteristics such as molecular weight, 
molecular weight distribution and branching can be independently customised 
without excessively long reaction times by varying the temperature, pressure, 
initiator type and composition, incorporating chain transfer agents and by injecting 
the initiator into the reaction mixture at various points in the reactor. Most high 
pressure polyethylenes however, are of lower density (0.915 to 0.94 g/cm3) and 
molecular weight. 
 
2.2.3.2 Zeigler Process 
This method of polymerisation is also known as co-ordination polymerisation due to 
a catalyst-monomer co-ordination complex or another directing force that controls 
the way the monomer approaches the growing chain. The catalyst is prepared from 
titanium tetrachloride and aluminium triethyl. The ethylene is fed into the low 
pressure reactor which contains liquid hydrocarbon acting as a dilutent. The catalyst 
can be either prepared and fed into the reactor or prepared in situ by feeding the 
components into the main reactor. Polymerisation is carried out typically at 70 ˚C 
without water or oxygen present, which reduce effectiveness of the catalyst. As the 
polymer is formed it precipitates out of the solution into a slurry and is removed 
before it can interfere with the reaction. To destroy the catalyst the slurry is then 
exposed to ethanol, water or caustic alkali. It is important to remove all impurities 
from the polymer especially for electrical insulation purposes. 
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Polyethylene produced by this method is of intermediate density (0.945 g/cm3). 
Different molecular weights can be achieved by varying the aluminium-titanium ratio 
of the catalyst, by introducing hydrogen as a chain transfer agent and also by varying 
the reaction temperature. 
 
2.2.3.3 Phillips Process 
This process involves dissolving ethylene in a liquid hydrocarbon such as 
cyclohexane which is polymerised by a supported metal oxide catalyst at about 130 
˚C to 160 ˚C and between 1.4 MPa to 3.5 MPa. The solvent dissolves the polymer as 
it forms and acts as a heat transfer medium but is otherwise inert. The preferred 
catalyst contains 5 % chromium oxides on a finely divided silica-alumina catalyst. 
After the reaction, the mixture is passed to a gas-liquid separator where the ethylene 
is flashed off. The catalyst is removed from the remaining liquid and then the 
polymer separated from the solvent either by flashing off the solvent or precipitating 
the polymer by cooling. Polymers with a large range of molecular weights can be 
produced from this method with the highest of any commercial process at about 0.96 
g/cm3. 
 
2.2.3.4 Metallocene Process 
There is little published on this process as it is still not a mature technology and as 
such is a closely guarded secret by the companies developing it.  
 
In its most basic principles it is regarded as consisting of a metal atom, usually 
titanium or zirconium, linked to two rings of 5-carbon atoms and to two other groups, 
usually single carbon atoms with attached hydrogens. The 5-carbon atom rings are 
hinged together by other atoms in the form of partially opened clam shell and these 
partly enclose the metal atom. By varying the nature of the hinge atoms, the 
accessibility of the monomer, and in due course, the polymer chain to the metal 
atoms can be carefully controlled. 
 
This process can be performed in either a solution reactor, an autoclave or gas 
phase reactor. 
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2.3 Molecular Weight 
As with all synthetic polymers the molecular weight used for polyethylene is the 
average molecular weight. This is because the formation of chains is a random 
statistical process that produces a Gaussian distribution with most of the samples 
having a molecular weight around the highest point on the curve. There are two 
ways of calculating the average molecular weight.  
 
The number average molecular weight, nM  is the simplest. It is the total weight of all 
the molecules in the sample divided by the number of molecules in the sample. in , is 
the number of molecules and iM , is the molecular weight of those number of 
molecules. 
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Equation 1 
 
The weighted average molecular weight, wM , is sensitive to the fact that the heavier, 
longer chains take up more of the total molecular weight whereas the number 
average molecular weight is equally affected by short and long chains. 
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Equation 2 
 
The Polydispersity Index (PDI) describes the distribution of molecular weights in a 
sample and is the ratio of wM  over nM .  
 
Increasing the molecular weight of the polymer improves the strength and stiffness of 
a polymer by increasing the probability that chains will form entanglement points that 
act like permanent chemical cross-links. However increasing the molecular weight 
requires higher melt viscosities which are limited by the processing equipment.  
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2.4 Properties of Polyethylene 
Polyethylene is a waxy thermoplastic with a softening temperature around 80 ˚C to 
130 ˚C. Its density is lower than waters and it is tough but with moderate tensile 
strength. It has a good resistance to chemicals and is an excellent electrical 
insulator.  
 
2.4.1 Mechanical Properties 
The mechanical properties of polyethylene depend on the amount of chain branching 
and the molecular weight. The material properties also depend on test rate, test 
temperature, specimen preparation method, the size and shape of the specimen and 
to a lesser degree, conditioning of the sample prior to testing as can be seen from 
Figure 2.7. 
 
 
Figure 2.7 – Stress against strain curve for polyethylene showing the effects of density, testing 
rate and temperature  (Brydson 1999). 
 
Under constant load polyethylene will creep with time. A good knowledge of this is 
important for design purposes but in general creep will be greater when there is an 
increased load, increased temperature and a decrease in density. 
 
Changes in the crystallinity and the molecular chain length also greatly affect the 
mechanical properties of polyethylene as shown in Figure 2.8.  
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Figure 2.8 – The influence of percentage crystallinity (C) and polymer molecular weight (M) on 
the physical properties of polyethylene. (Cowie 1991) 
 
2.4.2 Thermal Properties 
Polyethylene is tough at room temperature however it does not become completely 
brittle until the glass transition temperature (Tg) has been reached.   For polyethylene 
this is accepted to be about -20 ˚C but can be lower if there are higher levels of 
branching and molecular weights. 
 
The flexibility of the carbon-carbon bonds would suggest a very low Tg, however, it is 
actually related to the movement of long chain segments in the amorphous matter, 
but since in a semi-crystalline polymer such as polyethylene, there are few such 
segments the Tg has little physical significance. 
 
The flow properties of polyethylene have been studied in detail to perfect 
manufacturing techniques and reduce imperfections in the moulded product. Some 
of the effects are detailed in Table 2-2. 
 
 
 
 
39 
 
Effect of increase 
of 
On Viscosity On flow behaviour 
index 
On critical shear 
rate 
Branching (long) Decreases Little effect Increases 
Molecular Weight Increases Slightly decreases Decreases 
Mol. Wt. Distribution Decreases Decreases Increases 
Table 2-2  - The effect of polymer structure on flow properties. (Brydson 1999) 
 
As would be expected the melt viscosity reduces with increase in temperature. For 
this reason, processing is usually carried out between 150 ˚C to 210 ˚C, however the 
polymer is stable up to 300 ˚C as long as contact with oxygen is minimal.  
 
2.4.3 Chemical Properties 
Polyethylene’s chemical resistance is similar to that of an alkane. It is oxidised by 
Nitric acid, leading to a deterioration in mechanical properties, but is not chemically 
attacked by non-oxidising acids, alkalis and many aqueous solutions. 
 
Oxidation, leading to structural changes, can occur from 50 ˚C and greater but in the 
presence of ultra-violet light can happen at room temperature. It would be expected 
that less branched, high density polyethylene would be more resistant to oxidation 
due to fewer tertiary carbon atoms but this is not always the case. Residual metallic 
impurities from the catalyst are thought to be the cause, as purer high density 
polymers are more resistant than low density ones. Anti-oxidants are usually added 
to the polymer to reduce oxidation during use. 
 
Polyethylene is affected by environmental stress cracking. This means that when 
stressed, if subjected to certain environments, the failure stress is lower than that 
without the environment. Active environments are known to be alcohols, liquid 
hydrocarbons, organic esters, metallic soaps, polyglycol esthers (such as Arkopal) 
and silicone fluids. The reasons for causing environmental stress cracking are not 
fully understood, however the most effective surfactants reduce the molecular 
cohesion by the greatest extent. The effect is also greater where biaxial stresses are 
involved. 
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2.5 Slow Crack Growth 
2.5.1 Craze Initiation 
When polymer pipes are handled during service, the surface is often scuffed or 
scratched creating a flaw. This flaw becomes a crack and a stress concentration is 
formed at its tip which has a yield zone preventing a stress singularity from forming. 
The yield zone contains small voided regions that join together to form a craze as the 
crack grows. The basic structure of a craze consists of filaments or fibrils spanning 
the gap between the crack (O'Connell et al. 2003). Figure 2.9 shows the different 
parts of a craze ahead of a crack travelling through PE from right to left.  
 
 
Figure 2.9– Schematic of craze structure ahead of crack tip (Fleissner 1998) 
 
2.5.2 Craze Growth 
Once the craze has initiated, the yield zone at the tip grows constantly to form new 
voided material that then creates more oriented fibrils (Bhattacharya & Brown 1984). 
They are thought to do this by the meniscus instability mechanism (Argon & Salama 
1977). These fibrils are drawn up from the bulk/fibril interface due to a density 
difference between phases. They go from a low density voided material in the craze 
to a denser, un-deformed matrix in the bulk. The principle underlying this instability 
lies in the differences in hydrostatic pressure across a curved surface. (Donald 1997) 
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Figure 2.10 - Generation of void fibril structure by meniscus instability mechanism (a) Void 
fibril structure, side view (b) to (d) Sequence of craze tip propagation leaving behind isolated 
fibrils, top view (Ting 2003) 
 
2.5.3 Craze Widening 
The craze then increases in length and thickness approximately linearly with time 
(Bhattacharya & Brown 1984) until fibril failure occurs. This is done by a method 
called surface drawing where new material is drawn from the dense polymer into 
new fibrils (Hui & Kramer 1995). When fibril failure happens at the craze/bulk 
interface, rapid crack growth occurs leading to bulk section failure. This can happen 
in several different ways. 
 
Chain scission can occur, which is when the chains snap at the interface or chain 
disentanglement, when the chains unravel themselves and pull out of the bulk on 
one side. Which process takes place or if the stress required is too high so that yield 
and hence shear takes place instead determines the response of the glassy polymer 
to an external stress. It therefore determines how resistant the craze is to failure. 
(Donald 1997) 
 
 
Figure 2.11 – Surface Drawing mechanisms. Chain entanglement at “X” (left). Crack 
propagation by chain scission (centre) or chain disentanglement (right) (Ting 2003) 
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In polymers such as polyethylene, creep mechanisms are also likely to occur during 
failure at the same time as surface drawing. Here the craze weakens and elongates 
progressively at the fibrils’ midribs as the bulks separate. However failure does not 
occur at the midrib where initially thought, it occurs at the edge of the craze where 
new material is being drawn. (Donald 1997) 
 
2.5.4 SCG Resistance 
Once a craze has been formed the largest proportion of the time to failure is the fibril 
failure time and thus a major factor in the lifetime of the material (O'Connell, Bonner, 
Duckett, & Ward 2003). The SCG resistance therefore depends on the ability of the 
polymer to withstand the aforementioned craze widening mechanisms. 
 
2.5.4.1 Molecular Weight 
An increase in molecular weight has been shown to increase the lifetime of 
polyethylene (Lagaron et al. 2000;Lu, Zhou, & Brown 1997;O'Connell, Bonner, 
Duckett, & Ward 2003). The semi-crystalline nature of polyethylene means that the 
lamellae crystals are bound together by tie molecules and chain entanglements that 
pass through the amorphous region and join the adjacent lamellae. The stress is 
transferred through these chains and the longer the chains the more lamellae 
crystals it will pass through making it more difficult for disentanglement to occur 
(Brown & Ward 1983). Fibril failure by disentanglement of the tie molecules from the 
crystals is assumed to occur when the stresses are low. The average stress on the 
tie molecules is inversely proportional to their density and the rate of 
disentanglement depends on the tie molecule density, which increases with 
increased molecular weight and crystal size (Lu, Zhou, & Brown 1997). 
 
2.5.4.2 Short Chain Branching  
This has a larger effect than the molecular weight if the SCB is on the tie molecules. 
The more SCB that are present, the more resistant the polymer is to SCG but as the 
number of SCB increase the density decreases due to a lower packing efficiency 
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making it harder for the polymer to crystallise. SCB helps prevent disentanglement 
by pinning the tie molecules as well as limiting the lamellae thickness and in doing so 
increases the tie molecule density (Lu, Zhou, & Brown 1997). The use of a detergent 
agent such as Arkopal (explained in section 2.8) reduces the friction between chains 
during disentanglement and therefore aids SCG. 
 
2.6 SCG Tests 
There are several different types of techniques to test a materials resistance to SCG. 
They are all constant stress, tensile tests and can heat as well as submerge the 
sample in a surface active environment, but they vary in their notching techniques 
and specimen geometries.  
 
The reproducibility of the tests depends on the consistency with which the notches 
can be replicated (Fleissner 1998) as well as the preparation and conditioning of the 
samples. However other factors to take into account when setting up a SCG test rig 
are the loading up of the samples (i.e. the loading ramp from rest to the full test 
load), the grips and the temperature fluctuation of the solution. 
 
To examine the stress dependence of SCG, the craze must form and grow under 
definite stress instead of a time dependent stress field. Therefore testing methods 
involving bending deformation should not be used as the stress redistribution 
complicates analysis. When the specimens are loaded into the grips a gauge length 
of over twice the specimen thickness should be used (Michel 2005a) to avoid the 
craze zone being affected by the grips (British Standards Institution 2004). If the 
gauge length is too long however there will be a noticeable amount of extension due 
to creep in the bulk of the specimen (Duan & Williams 1998). 
 
2.6.1 Pennsylvania Edge Notch Test (PENT) 
Slow crack growth research has been pioneered by Xici Lu and Norman Brown, 
beginning with the development of the Pennsylvania Edge Notch Test (PENT). 
Specimens are usually obtained from compression moulded plaques. They are then 
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cut to size to fulfil the specifications bellow (Brown & Lu 1992). An example is shown 
in Figure 2.12. 
 
 Be as wide as possible to produce plane strain conditions 
 Notches are created by pressing a sharp razor at 0.25 mm/min into the 
specimen, replacing the razor after four notches 
 Notch depth should be approximately 35 % of the specimen thickness and 
controlled very accurately to within ±3 % 
 Side grooves are added to reduce the amount of plane stress fracture and 
reduce failure times by approximately 30 % (Lu, Qian, & Brown 1991) 
 
 
Figure 2.12 – PENT specimen geometry (Brown & Lu 1992) 
 
During the test the specimen should not be exposed to a stress, based on the un-
notched cross sectional area, higher than half the yield stress for that temperature.  
 
The temperature is the factor that most affects the failure times and should be 
controlled to within ±0.5 °C. 1 °C variation can change failure times by 15 % (Brown 
& Lu 1992). 
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2.6.2 Circumferentially Deep Notched Tensile (CDNT) Test 
The Circumferentially Deep Notch Tensile Test method was developed by D.M. 
Duan and J.G. Williams. Due to the completely different behaviour of polyethylene 
during plane stress (necking) and plane strain (crazing), when analysing crazing it is 
essential to reduce the influence of plane stress. An advantage of the circumferential 
notch is that the constraints are well defined and brittle failure is obtained even at 
stress levels near the yield stress. 
 
 
Figure 2.13 – Side view of a deep double edge notched specimen showing plane stress effect 
on the sides. Stress is being applied in the direction up and down the page. (Duan & Williams 
1998) 
 
Figure 2.13 shows the plane stress effect in a double notch specimen. The centre 
has failed under plane strain but the two edges where plane stress prevails are still 
joined together. Having a circumferentially notched specimen improves the situation 
by producing a craze zone across the ligament in a near complete strain state with 
no shear lips on the fracture surface. It also allows analysis of the craze behaviour to 
be done with a definite stress level instead of a time dependent stress field (Duan & 
Williams 1998). 
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Figure 2.14 – CDNT specimen geometry (Duan & Williams 1998) 
 
Specimens are obtained from compression moulded sheets and cut into square 
cross section bars, 20 mm by 20 mm and 120 mm long. The specimens are then 
notched to a square or circular cross sectional ligament configuration that is about 
one tenth of the original area in the following way, as shown in Figure 2.14; 
 
 Notch angle is 45° for the rectangular notch and 20° for round notches. 
 Tip radius is less than 20 μm for the rectangular notch and is done using a 
razor  
 Tip radius is 70 μm for the circular notch  
 
2.6.3 Full Notch Creep Test (FNCT) 
Developed by M. Fleissner, this test has a very similar specimen geometry to that of 
the CDNT test but can also be used on a sample taken from a 110 SDR 11 pipe. 
Square cross section bars of 10 mm by 10 mm and 90 mm long are cut from 
compression moulded sheets or pipe. A square notch, 1.6 mm deep is cut by a razor 
blade on a die cutter. The reproducibility of the test is between ±5 % to ±15 % and it 
is therefore advised that three tests are preformed to measure the stress crack 
resistance. (Fleissner 1998) 
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Figure 2.15 – FNCT specimen geometry (Fleissner 1998). 
 
2.7 Notching methods 
Extensive testing of different notching methods has been carried out by Lu et. al. 
(1991). Different cutting tools were used to create different size tip radiuses and 
notch angles. From a sharp razor blade, to a rotary cutter that produced a very small 
and a very large, notch angle and tip radius respectively. Crazes were also formed 
under different conditions such as cooling in liquid nitrogen and by fatigue which 
produced sharper notch tips. It was concluded that the method to give the fastest 
failure times was pressing a razor in to the sample. This was because sharper 
notches than those produced by a standard razor i.e. fatigue, freezing or sharp razor, 
were overwhelmed by the much bigger craze that is produced upon loading of the 
specimen thus annulling the sharper notch. To help reduce notch tip yielding and 
blunting during loading, the stress must be applied gradually over a period of time 
(Aurelien & Michel 2006). Methods such as using a rotary cutter or surgical blade 
increased the time to failure dramatically not due to blunting of the notch tip but 
because the notching methods caused extensive damage to the polymer ahead of 
the notch (Lu, Qian, & Brown 1991). 
 
The speed at which the notch is cut also affects the time to failure. If it is too high 
then it will produce a damage layer that will interfere with the natural craze formation 
produced when the specimen is loaded. A speed of 50 μm per minute was found to 
not interfere with the natural craze (Lu, Qian, & Brown 1991). Faster notching 
speeds have been used successfully (Duan & Williams 1998) but annealing post 
notching and prior to testing is required to release the residual stresses induced 
during notch fabrication. 
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2.8 Surface Active Environments 
Environmental stress cracking is caused by samples being exposed to an active 
environment and a stress being applied. When it occurs in the field, it is undesired as 
it reduces the lifetime of the polymer product. However this flaw can be put to great 
use when it comes to lifetime testing of polymers, to reduce the testing time and as a 
result, the cost. 
 
Active environments, such as Arkopal N100, reduce failure times. The mechanisms 
are not fully understood but it is generally believed that a purely physical mechanism 
leads to an almost localised reduction of mechanical properties of the polymer at 
points of stress concentration (Lagaron, Pastor, & Kip 1999;Qian, Lu, & Brown 
1993).  
 
It is assumed that it does this by migrating to the voids of the craze zone, which is 
very porous, and then diffusing into the amorphous regions of the polymer. This 
causes the molecular network to expand, and due to plastification, chain 
disentanglement and slippage are facilitated (Fleissner 1998). However not all 
observations can be explained by the diffusion based theory. Surface active 
environments with a higher molecular weight and viscosity, lead to shorter failure 
times (Fleissner 1998;Wright 2001). The diffusion based theory would suggest the 
opposite because larger molecules would take longer to diffuse into the polymer. It 
has also been shown that, at levels above a critical concentration, the effectiveness 
of the active environment decreases (Qian, Lu, & Brown 1993;Rink et al. 2003). 
 
It has also been proposed (Pinter, Haager, & Lang 2007) that chemical reactions, 
due to the breakdown of the surface active environments, might be triggered in the 
highly stressed craze zones and accelerate SCG and that this may occur by the 
concept of local crack tip ageing proposed by Pinter and Lang (Pinter et al. 
2004;Pinter & Lang 2003). However they have yet to prove this theory. 
 
49 
 
2.8.1 Arkopal N100 
Arkopal’s chemical name is Nonylphenol Polyglycol Ether (10EO), (NPE) and the 
chemical formula is shown in Figure 2.16. It is produced by Clariant and is also used 
as a detergent and cleaning agent in many industrial and household applications. It 
has hydrophobic (hydrocarbon chain) and a hydrophilic (water soluble, ether chain) 
parts, which is the typical chemical structure of a soap. The water solubility is due to 
the water molecules attaching to oxygen atoms in the ethylene-oxide chain and 
therefore as the degree of ethoxylation increases so does its solubility in water. 
Temperature also affects the solubility which decreases as temperature increases 
causing the solution to turn cloudy at about 64 ˚C (Clariant 2004). This is only a 
physical process and becomes clear again when the solution cools. 
 
 
Figure 2.16 – General chemical form of nonylphenol polyglycol ether. The value of n is the 
degree of ehtyoxylation. It is 10 for Arkopal N100 or 11 for Arkopal N110. 
 
Arkopal, like many NPE surfactants, has a limited service life. This is due to the 
solutions acidity increasing as the hydroxyl group (-OH) at the end of the ethylene-
oxide chain is oxidised in to carboxylic acid (R-OOH), lowering the pH of the solution 
from 7 to 3 (Pinter, Haager, & Lang 2007). As well as this, the ethylene-oxide chain 
is split into smaller units that are oxidised into formic acid and other products 
(Scholten, Gueugnaut, & Berther 2001) 
 
However, contrasting observations have been made about the useful lifetime of NPE 
surfactant solutions. Some researchers have found that failure times increased the 
older the surfactant solution (Haager, Pinter, & Lang 2004;Pinter, Haager, & Lang 
2007;Scholten, Gueugnaut, & Berther 2001) but others have reported that only 
occasionally, and maybe due the equipment used, were failure times affected by age 
(Fleissner 1998).  Hessel also claims that the age of the surfactant solution had no 
effect on the FNCT failure times in his laboratory (Hessel 2004).  
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Further work done by Pinter et. al. showed that the temperature at which the solution 
turns cloudy decreases with time (Pinter, Haager, & Lang 2007). They concluded 
that this was due to a reduction in the degree of ethoxylation from 11 (Arkopal N110 
was used) to less than 6, confirming that the NPE molecules chemically degrade 
over time. 
 
A mixture of 2 % by weight of Arkopal with water was used in the experiments of this 
research as described in the ISO 16670 standard. This is left to age for 336 hours 
(14days) and can then be used for 2500 hours according to the ISO 16770:2004 
standard (British Standards Institution 2004). For this research an age limit of 2000 
hours was set by the research partner in accordance with their internal research 
results of Arkopal degradation (Michel 2005c). 
 
2.9 Digital Image Correlation 
Over the past decade this technique has become an accepted method for measuring 
the surface displacements in materials undergoing deformation. It was first proposed 
by a group at the University of Southern Carolina (Peters & Ranson 1982) and then 
refined by others (Lu & Cary 2000;Vendroux & Knauss 1998). 
 
The method relies on a distinct grey scale pattern on the surface of the sample under 
deformation. On relatively small samples this is usually obtained by spray painting a 
fine speckle pattern in white, on top of a matt black coat. The pattern should be 
random and of approximately 50 % white coverage. The finer the paint dots the 
higher the camera resolution that can be used and higher resolution can be obtained 
during analysis. 
 
The way DIC works is, an initial reference photograph is taken at the start of the test. 
ARAMIS, the software used for analysis, then divides this reference photograph into 
many smaller areas of squares of pixels, called facets, which have an array of 
greyscale values. At subsequent levels of deformation further photographs are taken 
and the position and deformation of each facet is tracked through each photograph 
stage. This is shown in Figure 2.17. 
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Figure 2.17 – Several stages of deformation with the first (reference) on the left. The facet is 
the red square and the markers are shown as black on a white background. 
 
To increase the accuracy during analysis, the facets should be large enough to 
contain sufficient variation of greyscale pattern, that features are not eclipsed and to 
reduce the chance of missing data, facets should overlap. Accuracy can also be 
increased by capturing a higher resolution image, as long as the speckle pattern is 
fine enough. This allows more facets to be used but each still containing sufficient 
number of pixels and pattern variation. 
 
To perform three dimensional analysis, two cameras are needed to take pictures 
simultaneously, from a slight angle either side of the centre. Using both images 
ARAMIS can calculate the deformation in the out of plane direction as well as the 
strain within the plane. 
 
Once ARAMIS has completed the analysis it can output it in various manors. The 
most useful being, a graph with the strain through a section of the sample (Figure 
2.18, right) or a colour picture of the sample with different colours representing 
difference strains (Figure 2.18, left).  
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Figure 2.18 – Left: Sample with section (black line) shown. Right: Graph of strain through the 
sample at the defined section 
 
2.10 Summary 
Polyethylene is a thermoplastic polymer with a semi-crystalline structure. It is 
produced by polymerisation with the latest method being the Metallocene Process. It 
has excellent resistance to SCG and ESCR, giving it a very long service life. It has a 
wide variety of uses in industry with the main one being for pipe applications. HDPE, 
currently has much research surrounding it as its advanced properties and 
competitive costs, increasingly make it a preferable choice over many other 
polymers.  
 
Polyethylene’s mechanical properties depend largely on its amount of chain 
branching and its molecular weight, which when increased improve its resistance to 
SCG at the expense of impact resistance and production costs respectively. 
 
ESC leading to SCG and then catastrophic failure is one of the major causes of 
premature failure of pipes in service. Many laboratory tests have been developed 
over the years to assess a new resins resistance to SCG. These can be carried out 
on small samples, which reduce costs, due to the localised nature of the failure 
mechanism. To keep up with the increased SCG resistance of HDPE the laboratory 
tests have evolved with time, using varying notch geometries and active surface 
environments. However, the next step needs to be taken to reduce the testing times 
further.  
53 
 
 
 
 
 
 
Chapter 3  
3 SCG Testing Apparatus 
 
3.1 Introduction 
Testing SCG can be a very long process and depending on the polymer can run into 
the thousands of hours. To keep costs to a minimum and ensure that tests could be 
run for long periods without disruption, dedicated SCG rigs were designed and built 
in a separated laboratory. This section will discuss the various parts of the testing 
apparatus. 
 
3.2 Design of the testing apparatus 
The three rigs are a standard, constant stress, pivot arm systems that use weights to 
apply a constant load to the sample. A schematic is shown in Figure 3.1. Each arm 
holds a sample and there are three arms per rig. It can be broken down into the 
sections that follow. 
 
It should also be noted that due to the aggressive nature of Arkopal N100 that is 
used in the solution, any components used that come in contact with the solution 
need to be constructed from stainless steel. This makes manufacture much more 
expensive and time consuming. 
 
54 
 
 
Figure 3.1 - Configuration of test rig. 1. Counterweight, 2. Bearing on hinge, 3. Balance lever 
arm, 4. Insulated environmental chamber, 5. Surface active environment at elevated 
temperature, 6. Weights, 7. Weight hanger, 8. Timer switch. Rig is approximately 2x1x1m is 
size. Modified from (British Standards Institution 2004) 
 
 
Figure 3.2 – Laboratory with the three testing rigs. (a) rig 1, (b) rig 2, (c) rig 3. 
 
3.2.1 Environmental Chamber 
The bath on two of the rigs, is made up of a glass tank, sealed with heat and 
chemical resistant silicone, and a stainless steel base which the lower half of the 
grips attach to. It is approximately 15 litres in capacity and is placed inside a much 
(a) 
(b) 
(c) 
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larger Perspex tank with windows in front of each grip. To provide good heat 
insulation expanding polyurethane foam was used to fill the space between the glass 
and Perspex tank. Small diameter copper piping was placed within the foam at 
several locations whilst the foam was setting and removed once the foam had 
hardened to allow the foam to expand when heated. Without the spaces it was found 
that the air trapped within the foam would expand and break the seal between the 
glass sections of the inner tank. On the third rig the inner tank is made of stainless 
steel that is welded together. This eliminated leakage problems from corroded 
sealing. 
 
To reduce evaporation a polyethylene lid was made out of 10 mm polyethylene 
plaques that sit inside the tank and have a lip to seal the tank. To allow for easy, 
individual sample removal from the tank whilst other samples are being tested, it was 
made in six sections allowing the tank to be partially opened. 
 
 
Figure 3.3 – Tank Lid showing individual sections removed. (a) Lid sections, (b) thermometers. 
 
3.2.2 Arms 
The arms are 47.5 cm long with a pivot placed closer to the front end. The ratio 
between the pivot and the arm ends is 4:1 (British Standards Institution 2004). To 
reduce friction to a minimum roller bearings are used at all pivot points and 
lubricated with a light weight oil. 
 
In accordance with ISO 16770:2004 each arm is balanced prior to every use. This is 
done with the upper half of the grip and upper half of a broken specimen in place. 
Then placing a 1 kg load on the grip side and a 0.25 kg weight on the dead weight 
(a) 
(b) 
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side, the sliding weight on the arm is used to balance the load. A secondary test for 
friction in the pivot points is also carried out. The arm is balanced and set in the 
horizontal position. Then a 3 g mass is placed on the hangar. If the arm moves then 
friction is assumed to be so low that it is negligible. 
 
 
Figure 3.4 – Arm setup of apparatus; (a) arm of rig (b) counter weight, (c) sliding mass balance, 
(d) weights hanger, (e) balance point containing bearing. 
 
3.2.3 Timing Devices 
A program called LabView by National Instruments was initially used to design and 
make a small program to record and monitor the time that it took the specimens to 
fail and keep a log of the bath temperature. It also tracked the time that the Arkopal 
had been in use. The use of this program also allowed remote access and live 
monitoring of the rigs. The front screen is shown in Figure 3.5. 
 
(c) 
(b) (d) 
(a) 
(e) 
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Figure 3.5 – LabView screen shot. The dials record the time to failure and the long graph in the 
middle records the bath temperature. The needle on the bottom right shows the hours of 
service left in the current bath of Arkopal 
 
However, due to the number of Microsoft Windows updates that need to be installed 
regularly on the laboratory computer, it became impractical to keep restarting the 
computer, especially when long term test were being run. 
 
A new system was implemented that has solid state timers with a display and reset 
switch for each arm. Each arm has a switch below it so that when the specimen 
breaks the switch is tripped and the counter stops, enabling a failure time to be 
recorded. The switch only comes into contact with the arm once the specimen has 
broken so as not to apply any external forces on the arm during testing. 
 
A web camera was used to remotely monitor the rigs. To clearly indicate that a 
failure had occurred, a LED was placed above each timing switch that illuminates 
when failure occurs. 
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Figure 3.6 – Solid state timing setup (a) contact switch (b) counter display (c) reset switch (d) 
LED light indicating failure 
 
3.2.4 Pump/heater 
A Grant FH15 or FH16-D, heater and circulator is used in each bath and are capable 
of heating and maintaining the solution in the bath at a temperature of 80 °C and 
have been found to work reliably up to 85 °C. 
 
Two mercury thermometers are also used to monitor the bath temperature at 
different locations and a thermocouple is used where available that gives direct 
feedback to the pump/heater. 
 
3.2.5 Grips 
An initial set of stainless steel grips were obtained from Ineos and adapters were 
made to incorporate them into the first and second rigs. A third set of grips was 
made at a later date for the third rig. The grips only apply slight pressure from all 
sides on the sample and the distance between the notch and either grip is greater 
than 40mm (Michel 2005a) so as not to cause too much stress within the sample and 
affect the notched area. To prevent slip there is a grub screw that penetrates the 
sample inside the grip. 
(a) 
(b) 
(c) 
(d) 
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Figure 3.7 – Sample testing configuration. Stainless steel grips holding a white specimen; (a) 
upper grip, (b) lower grip, (c) universal joints, (d) specimen. 
 
Above and below the grips are universal joints to prevent any bending or twisting 
forces being exerted on the sample. 
 
3.2.6 Steel Piping 
Stainless steel piping is used to circulate the solution to and from the heater. The 
PVC tubing that was originally used was degrading after a few hundred hours of use. 
This was polluting the tanks and causing a disruption to the experiment during longer 
tests when the PVC tubing needed to be changed.  
 
As a result of changing the tubing to stainless steel the pipe length and diameter has 
been decreased and there is less heat loss and temperature fluctuation of the bath. 
The pipes are insulated with a thick foam to reduce heat loss further. 
 
(a) 
(d) 
(c) 
(b) 
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Figure 3.8 – Rear of rig showing stainless steel pipes covered in insulating foam. 
 
3.2.7 Automatic Re-fill 
Due to the large amount of evaporation that occurs over several hundred hours, it is 
necessary to top up the bath with water. After consulting with our research partners, 
topping up the water throughout the test does not affect the Arkopal/water mix. 
Initially the bath was topped up every morning with water but caused a significant 
drop in temperature so an automatic refill system was built. This maintains the water 
level constant and only adds very small amounts of water at a time so that there is 
no overall temperature fluctuation. The water that is added, is fed into the heater 
intake to bring it to temperature and prevent fluctuations in the bath temperature. 
The water feed system is activated by a float switch in the bath.  
 
 
Figure 3.9 – Automatic top up system. (a) solenoid gate and water source, (b) float switch, (c) 
water inlet to tank. 
(a) 
(b) 
(c) 
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3.2.8 Positioning the sample in the grips 
When the sample is in the grips, the grips must be securely tightened and grub 
screw inserted, otherwise the specimen will slip when load is applied. To prevent any 
notch damage before testing, such as blunting due to twisting of the sample as the 
grips are tightened, a vice was modified with custom stainless steel fittings to hold 
the grips whilst the sample is positioned and the grips then tightened. The vice also 
allows easy measurement of the distance between the notch and grips. 
 
 
Figure 3.10 – Vice holding upper and lower part of grips whilst a sample is aligned and the 
grips are tightened. (a) vice, (b) custom fittings, (c) sample held in grips. 
 
3.2.9 Progressive Sample Loading 
Once the sample is in place in the testing rig, the load needs to be applied to the 
sample carefully to prevent any shock loading which would result in the sharp notch 
blunting. The load is therefore applied progressively over two minutes (Aurelien & 
Michel 2006). This is done using a small manual lifting platform with a foam inserted 
between the weight hanger and the lifting platform to allow a gradual weight release.  
 
(a) 
(b) (c) 
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3.3 Summary – Complete Rig 
The finished rig design is shown in Figure 3.11, with the Grant heater to the left. 
There are splash screens surrounding it for safety reasons and to prevent anyone 
from touching the rig whilst it is in use. There is also a catch tank that the rig sits in to 
contain any leaks or spills that may occur. Another safety feature is that there is a 
float switch in the catch tank and if there is a leak the switch will cut power to the rig 
and it will shutdown preventing the automatic top-up system from filling the catch 
tank. 
 
 
Figure 3.11 – Apparatus setup. (a) Circulator and heater, (b) arms with individual timers, (c) 
insulated environmental chamber, (d) active solution inlet and outlet. 
 
 
  
(a) 
 
(b) 
 
(c) 
 
(d) 
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Chapter 4  
4 Materials, Specimen Preparation and Experimental 
Procedures 
 
4.1 Introduction 
The preparation of test samples is usually the largest source of errors in any 
experimental work, therefore great care must be taken when manufacturing the 
samples to reduce scatter and improve repeatability which is a priority to this 
research. 
 
This chapter will discuss the materials that were investigated as well as the 
processes by which the notches were created and the various notch geometries that 
were tested. It will also describe the post-testing preparation of specimens for 
inspection and analysis using DIC, SEM and light bench digital photography. 
 
 
4.2 Materials 
There were three pipe grade polymers under review. They are all PE100 
classification and each one has an increased resistance to ESC. 
 
The first material designated PE-A, was Eltex® TUB 121 Black and its properties can 
be found in Table 4-1. It is a pipe compound and its typical applications are for gas, 
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water and other industrial uses. According to the sponsoring company it has a failure 
time of approximately 10 days (~230 hours) using the FNCT test procedures. 
 
Property Value 
Density 959 kg/m3 
Melt Flow Rate (5 kg/190 ˚C) 0.45 g/10min 
Tensile Strength at Yield (23 ˚C at 50 mm/min) 25 MPa 
Tensile Elongation at Break (23 ˚C at 50 mm/min) ˃ 350 % 
Tensile Modulus (23 ˚C at 1 mm/min) 1100 MPa 
Softening Point (1 kg) 128 ˚C 
Carbon Black Content 2 – 2.5 % 
Table 4-1 – Properties of resin PEA (Ineos Polyolefins 2006). 
 
The second material is designated PE-C and has an ESCR greater than that of PE-
A.  It has a reported failure time by the FNCT method to be approximately 3 to 4 
weeks (~580 hours). The maximum test stress is 3 MPa for the FNCT and it is white 
in colour. 
 
The third resin, PE-B, has the greatest ESCR with reported failure times of 
approximately 10 to 12 weeks (~1800 hours) by the FNCT. It is black in colour. 
 
Polymer Max. Testing 
Stress (MPa) 
Approx. Time to 
Failure  (hrs) 
PE-A 5 230 ± 35 (15 %) 
PE-C 3 580 ± 90 (15 %) 
PE-B 5 1800 ± 200 (11 %) 
Table 4-2 - Polymer materials and corresponding values for FNCT results. 
 
Maximum testing stress is the stress at which it is known that the resins failure 
mechanism will switch from mainly brittle failure to mainly ductile failure under 
standard FNCT test conditions. 
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Very few material properties were disclosed by the sponsoring company about 
polymers PE-C and PE-B because of industrial secrecy and due to confidentiality, 
they cannot be described here. 
 
 
4.3 Specimen Bars 
Square section specimens were cut from plaques to notch before testing. Their 
dimensions are shown in Figure 4.1. These dimensions were imposed by the 
research partner and it was not possible to modify them. 
 
 
 
Figure 4.1 – Sample dimensions 
 
 
4.4 Production of Specimen Bars from Plaques – Comparison of 
two methods, CNC milling and circular saw cutting. 
Initially, cut specimens of 10 mm x 10 mm x 95 mm were received from the research 
partners, ready to be notched. These specimens were made from a compression 
moulded plaque 10 mm thick and then CNC milled into samples of the correct width 
and length. Subsequently, specimens were made at Imperial College from plaques 
that were moulded at Ineos. However the most accurate method of cutting the 
samples available was a circular bench saw. This did not give as smooth or clean a 
finish as the CNC milling done at Ineos.  
 
It is known that during the moulding process residual stresses can be left in the 
plaques. It is also known that if the cutting process is carried out incorrectly and the 
10mm 
10mm 
95mm 
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polymer heated too much residual stresses can produced from the damage. To 
verify if either cutting method introduced residual stresses or heat damage during the 
cutting process compression tests were carried out during the notching process.  
The notch traces vary slightly for every specimen and from both types of specimen 
cutting but the figures below (Figure 4.2 and Figure 4.3) show representative shapes 
for each type of preparation process. 
Traces (specimen #) 1 and 2 are the top and bottom of the specimen that are 
unaffected by the cutting method and traces 3 and 4 are the sides of the specimen 
that are cut either by CNC (Figure 4.2) or by a circular saw (Figure 4.3). 
 
 
Figure 4.2 – Notch trace from specimens cut at Ineos with CNC mill. Note: Start point shifted 
for each line. Negative graph indicates compression load and cutting into the sample. 
 
 
Figure 4.3 – Notch trace from specimen cut at Imperial College with circular bench saw. 
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Examining Figure 4.2, Figure 4.3 and other notch traces, it can be seen that the 
largest residual stresses are those left behind from the compression moulding 
process and that those from the cutting process are always lower. This can be 
deduced as sides 1 and 2, always required a larger cutting pressure than 3 and 4 
when either preparation method was used. Additionally the loads required by sides 1 
and 2 would vary with almost every sample and it is assumed that this is due to 
where on the plaque the sample was obtained from, as residual stresses from the 
compression moulding vary along the plaque length. The final loads required by 
sides 3 and 4, from either preparation process, are always in the region of 90 N 
which implies that neither preparation process damages the polymer and both 
process leave residual stresses smaller than those from the compression moulding 
process. 
It is unsure whether this affected the failure times but it is believed that it did not. 
When the notches are created, the first couple of millimetres of skin are cut through 
and it is thought that this is deep enough to cut through any residual skin stresses 
remaining from the moulding process.  
 
 
4.5 Square Notching Platform 
Notching of square specimens is performed using an Instron Machine and custom 
fixtures. The advantage of performing notching in an Instron instead of a standard, 
vertical, hand notcher is that depth, and crucially, rate of cut can be accurately 
controlled. Studies have shown (Bhattacharya & Brown 1984) that if the rate of cut is 
too fast then not only can the depth of cut be not be accurately controlled, damage to 
the polymer occurs, which will not produce a sharp notch tip and will delay failure 
initiation. 
 
The Instron machine also provides a load against extension plot that can be used to 
very accurately check the notch depth.  
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Figure 4.4 – Notching setup. Upper fixture holding razor blade being lowered onto sample 
being held by lower fixture. 
 
4.5.1 Upper half of notching device 
The upper half of the platform holds the razor blade and attaches to the moving arm 
of the Instron Machine. It is made in two halves that clamp the razor vertically 
preventing it from bending during notching and veering off centre. It also has 
mounting pins to ensure that the razor is inserted horizontally creating equal depth 
cuts at both ends of the notch. 
 
 
Figure 4.5 – Upper half of notching device, holding razor blade. 
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4.5.2 Lower half of notching device 
The lower half of the platform is securely screwed to the base of the Instron 
machine. It has a groove across the centre that guides the sample and is held in 
place (from left to right in Figure 4.6) by a hand tightened screw system that holds it 
from the ends. This is hand tightened so as not to compress the sample. This also 
ensures that the notch on each side is at the same distance along the samples 
length when it is rotated. 
 
 
Figure 4.6 – Lower half of notching device that holds and locates the sample in the horizontal 
groove. 
 
 
4.6 Notching Process 
Several different notching methods were investigated to determine whether they 
affected the failure time of the test. 
 
Razor blades used were Agar heavy duty single edge blades. They were 0.31 mm 
thick with a wedge length of 0.84 mm and a very sharp three faceted tip radius. 
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2 facet 3 facet 
 
Figure 4.7 – 2 faceted traditional razorblade design is more durable but the 3 faceted design is 
the sharpest available and provides more accurate cutting. 
 
4.6.1 Notching by pushing a razor blade in to the sample 
Notching is performed on an Instron machine at a rate of 0.25 mm/min (Michel 
2005b) to varying depths with an accuracy of ±0.05 mm. A load against extension 
trace (Figure 4.8) is produced and can be used to verify the exact depth to which the 
notch was cut. The samples are notched first from the top (1 in Figure 4.8), then 
bottom (2 in Figure 4.8), left (3 in Figure 4.8) and finally the right (4 in Figure 4.8). 
 
Notch depth was varied from 1.25mm to 4mm to investigate the outcome on the time 
to failure. 
After each specimen is notched the razor blade is replaced with a new one, i.e. after 
4 notches. This ensures that a sharp pre-crack is always produced. 
 
 
Figure 4.8 – Notch depth traces for a square notched sample in the Instron machine 
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Traces 1 and 2 are the top and bottom of the specimen that were in contact with the 
plates during moulding. 3 and 4 are the left and right hand sides of the specimen that 
were milled away. The differences in load during notching can be explained by the 
razor having to cut through residual stresses from the moulding process (1 and 2) 
but not having to for sides 3 and 4 as they were milled. See section 4.4 for further 
explanation. 
 
 
4.6.2 Notching by slicing with a razor blade for square ligaments 
When a razor blade is pressed into the sample there is polymer build up ahead of 
the razor tip. This creates residual stresses when the razor is removed and there will 
be damage in the form of a larger number of more densely packed fibrils at the crack 
tip, delaying crazing from occurring (Williams 2006a). 
 
Another common method used to notch specimens is by slicing them with a razor 
blade. However, with this method it is hard to control the depth of the cut accurately 
as it can only be done by hand, so is generally used when crack initiation conditions 
are not very important and all that is needed is a sharp crack tip. This method was 
investigated briefly but it was found that even with great care taken, notch depths 
were extremely varied. 
 
 
4.6.3 Notching by slicing with a razor blade for circular ligaments 
For circular ligaments, using the method of slicing with a razorblade, the depth of the 
cut can be controlled very accurately on a lathe. The sample is held in a square 
collet, on a lathe and rotated at 70 RPM (the slowest setting available). The razor is 
held using a custom fixture and fitted to the tool stand of the lathe. The razor is then 
fed into the sample at approximately 0.5 mm per minute by hand until the required 
depth is achieved. This is slower than other methods (Duan & Williams 1998) but 
allows for good accuracy. The razor blade is replaced after creating one notch. 
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4.6.4 Notch with surface groove 
Another variation of the techniques mentioned in sections 4.6.1 to 4.6.3, is to 
machine a groove above the notch, as shown in Figure 4.9. This may allow for better 
penetration of the Arkopal to the crack tip as well as greater notch tip constraint. It 
also allows for notches to be created that are very deep, using the razor only for 
making the final sharp tip, thus making it only a cutting surface and preventing it from 
acting like a wedge, forcing open the crack. 
 
Notching of the sample is done after the groove is made. This is so that any residual 
stresses from making the groove (Lu, Qian, & Brown 1991) are cut through by the 
razor blade during notching. It was also found that if notching is performed first, the 
process of grooving the specimen could close the top of the notch by re-melting the 
polymer or by miss-forming the entrance to the notch. This prevents the Arkopal from 
penetrating to the notch tip. 
 
 
4.6.4.1 Square Notch Geometry 
For square ligament geometries (Figure 4.9 (b)) the groove can be made using a 
circular saw milling machine, notching one side at a time to the required depth taking 
several cuts. The sample is then notched in an Instron machine with a razor blade 
under the same conditions as in section 4.6.1. 
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Cross section: a) 
   
 
 
   b) 
 
 
 
Side view: a) 
 
 
 
 
  b) 
 
 
 
 
Figure 4.9 – Notch geometry with groove. Hashed area is ligament area. (a) circular (b) square 
geometries. Samples are 10mm in diameter at the widest point. 
 
 
4.6.4.2 Circular Notch Geometry 
Circular geometry samples (Figure 4.9 (a)), are manufactured in a lathe with the 
sample held in a square collet. The sample must be pushed as far into the collet as 
possible, with the location to be notched as close to the collet as the tool holder 
allows. This prevents the sample from bending and producing an oval shaped notch 
instead of cutting and producing a circular notch (Figure 4.10). 
 
Razorblade notch 
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Figure 4.10 – (a) Left; Normal circular notch, (b) right; Oval notch produced by incorrect 
holding of the sample in the collet during notching. 
 
The sample is rotated at 70 RPM and a V-shaped cutting tool is fed automatically at 
a rate of approximately 0.5 mm per minute. The cutting tool must be sharpened on a 
grinding wheel after cutting 20 samples (Figure 4.11). Once the desired depth is 
achieved a razor blade on a custom tool holder is used, under the same conditions 
as section 4.6.3, to create a very small notch (typically 0.2 - 0.3 mm) at the tip of the 
V-groove ensuring a sharp crack tip is produced which inhibits plane stress effects 
on subsequent damage behaviour. Depth accuracy is obtained to ±0.05 mm. 
 
 
Figure 4.11 – V-groove 20 degree cutter being sharpened. (a) cutter, (b) grinding wheel. 
 
Angles of 140˚, 70˚ and 10˚ for the V-groove were investigated to determine which 
would have the greatest reduction in failure time.  
 
(b) 
(a) 
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Figure 4.12 – Notch geometry for circular v-groove samples. (a) notch angle created by cutter, 
(b) Ligament diameter, (c) notch depth, (d) small razor blade notch to ensure sharp crack tip. 
Samples is 10mm at its widest point. 
 
Notch depth was also varied from 1.40 mm to 3.55 mm to investigate the effect of 
different ligament areas on failure times. 
 
 
Figure 4.13 – Sample being notched in tool lathe. (a) Sample in square collet, (b) razor blade in 
custom tool holder on tool post, (c) V-groove cutter in tool holder swaps place with razor blade 
tool holder, (d) accurate, digital measuring system. 
 
(a) 
(b) (c) 
(d) 
(d) 
(c) 
(b) 
(a) 
76 
 
4.6.5 Cylindrical centre section samples 
These samples are similar to the geometry used for Cylindrically Notched Bar (CNB) 
tests on metals. These geometries were tested to verify whether they produced a 
more uniform stress distribution at the notch and hence decreased the failure times. 
 
To produce them, square section bars were turned on a lathe to give the cylindrical 
centre section. Then they were notched using the procedures described in sections 
4.6.3 and 4.6.4.  
 
 
Figure 4.14 – Specimen bar with cylindrical centre section and notched with a groove and then 
razor blade. Sample has a diameter of approximately 8mm. 
 
 
Figure 4.15 – Specimen bar with cylindrical centre section and notched with a razor blade. 
Arrows indicate notch location. Sample has a diameter of approximately 8mm. 
 
4.7 Bench Top Notching Device 
Initially there was large scatter in the data which was found to be the result of poor 
repeatability when notching the samples. It was discovered that notches could not be 
produced to within acceptable tolerances due to the poor measuring device for the 
cutter depth on the lathes. It was not possible to buy and fit a digital system due to 
cost restrictions so a small separate notching device that is small enough to use on a 
bench top was designed (Figure 4.16). 
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The bench notching rig has a small electric motor to spin the sample at the required 
low speeds and the sample is held in grips at both ends so that there is no flexing 
during notching. 
 
 
Figure 4.16 – Bench top notching device. (a) electric motor, (b) tool holder, (c) measurement 
clock, (d) grips to hold sample during notching. The right hand side is connected to the motor 
and the left hand side spins freely. 
 
Before construction was completed, permission was granted to use high precision 
tool lathes in a technician workshop. These lathes were fitted with newer digital 
measuring devices that had the required accuracy. The bench top notching device 
was therefore no longer needed and was not completed. 
 
4.8 Digital Image Correlation 
DIC was used to try and build a picture of the strain patterns around the notch and 
across the ligament whilst the sample was in tension. Tests were carried out on the 
surface of the sample to get a strain picture at the surface, and on sectioned 
samples to build a strain picture at the centre of the sample. 
 
Due to the need to photograph the samples during testing, it was not possible to 
conduct the experiment in an Arkopal solution. Tests were carried out in an oven at 
(a) 
(b) 
(c) 
(d) 
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80 ˚C, that had a transparent window, using a dead weight stress of 5 MPa. 
However, the camera equipment could not be left in place in a working laboratory 
over several days for health and safety reasons. Photos were taken twice a day and 
an attempt was made to place the camera in the same location, however, there was 
a slight difference each time and analysis at the end did not provide any coherent 
results. Consequently tests using an Instron testing machine were carried out at an 
extension rate of 0.0065 mm per minute over the period of a single day. This rate 
was slow enough to be considered quasi-static and thus rate effects were 
considered to have no influence on the testing. 
 
4.8.1 Sample Preparation 
DIC was performed on square notched samples (manufactured as in section 4.6.1) 
and V-groove circular notched samples (manufactured as in section 4.6.4.2) to 
compare the original method used by the research partners (square ligaments), to 
the final, improved geometry (V-groove with razorblade notch). 
 
 
 
Figure 4.17 – Samples used to obtain surface strain with DIC. Above, V-groove circular notch, 
below, square notch. Samples are 10x10x90mm. 
 
DIC was also performed on samples sectioned half way through, to obtain a strain 
pattern at the centre of the sample. These samples were produced by taking a 
notched bar as in Figure 4.17, and then machining out a section 5 mm deep in a 
milling machine, taking care not to damage the notch. 
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Figure 4.18 – Samples used to obtain strain at cross section. Above, V-groove circular notch 
below, square notch. Samples are 10x10x90mm. 
 
Before the samples can be tested they must have a speckle pattern painted on them. 
First a layer of matt black is applied to the surface so that no reflections will be 
captured by the camera. Once that has dried a second coat of white paint is applied. 
This is done with a spray gun to produce a random, dotted pattern that covers 
approximately 50 % of the surface. The smaller the dots, the higher the resolution 
that can be obtained during analysis. 
 
 
 
Figure 4.19 – Sectioned samples with a layer of matt black paint and a white speckle pattern 
ready for DIC analysis. Above, V-groove circular notch, below, square notch. Samples are 
10x10x90mm. 
 
4.8.2 DIC Experimental Procedure 
The sample to be tested is placed in the grips with 20 mm either side of the notch 
and the speckle pattern facing the front. For 3D analysis, the area that needs to be 
captured dictates the distance from the sample to the camera and distance between 
the cameras. These measurements are obtained from the ARAMIS user manual 
along with the camera settings. 
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If only 2D analysis is required then only one camera is needed. This method was 
used with the oven as there is only one slim window, allowing only one camera 
angle. 
 
 
Figure 4.20 – 3D camera setup as directed by the user manual. 
 
Once the sample is in place the reference photo is taken. This is the photo that all 
the others will be compared to. The sample was then loaded by constant extension 
at a rate of 0.0065 mm per minute. Constant load was not used as the testing 
machines are not capable of maintaining a steady load especially at low stresses. 
Photos were taken every 45 seconds until the sample failed. Once all the photos 
were taken they could be analysed in ARAMIS and a strain pattern could be 
produced. 
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Figure 4.21 – Sample in the Mayes testing machine with the camera in front. (a) Grips holding 
sample, (b) and (c) cameras, (d) and (e) light sources. 
 
4.9 SEM Sample Preparation 
To analyse a sample in the SEM machine, preparation begins by slicing the fracture 
surface from the bulk of the sample approximately 2 to 3 mm from the notch. 
Conductive adhesive is then used to secure it to a small aluminium disc with the 
fracture surface facing upwards. As PE is an excellent insulator, conductive silver 
paint is used to link the fracture surface to the aluminium base plate by painting the 
sides of the sample and the edge of the fracture surface. The sample is then very 
finely coated with gold in a sputter coater. This ensures there is a good conductive 
pathway across the fracture surface, down to the base plate for the electrons. Finally 
the specimen is ready for inspection. 
 
 
Figure 4.22 – SEM specimen. There are 4 individual samples on one disc. The bronze tint is 
due to the sputter coating of gold. (a) Dried silver conductive paint. Samples are 10 x 10 mm. 
(a) 
(b) (c) 
(d) (e) 
(a) 
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4.10 Measuring True Ligament Area and Applied Stress 
Notching of the specimens can be obtained to an accuracy of ±0.05 mm. This leads 
to the real applied stress varying from the intended applied stress. To correct for this 
error and find the real applied stress the fracture surface must be measured. This is 
done using a high resolution camera and first photographing a graticule and then 
photographing the fracture surfaces using the same focal length. The images can 
then be used to find the ligament diameter to an accuracy of ±0.0125 mm. The true 
applied stress can be found using Equation 3 below for circular geometries, or 
Equation 4 for square geometries. 
 
𝜎𝑎𝑝𝑝𝑙𝑖𝑒𝑑 =
𝐿 × 4
𝜋𝑟2
 
Equation 3 
𝜎𝑎𝑝𝑝𝑙𝑖𝑒𝑑 =
𝐿 × 4
𝑤 × ℎ
 
Equation 4 
 
Where L is the load on the hanger, r is the ligament diameter for circular geometries 
and w, h are the ligament width and height respectively, for square ligament 
geometries. 4 is due to the lengths of the testing arms being of ratio 4:1. 
 
 
Figure 4.23 – Light bench setup to measure the fracture surface diameters. (a) High resolution 
camera with macro lens, (b) specimen holder ensures all specimens are held the same 
distance from the camera lens, (c) remote shutter for camera to avoid camera shake and image 
blur. 
(c) 
(a) 
(b) 
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4.11 Summary 
This chapter has given a review of the known properties of materials tested during 
this research. Also described are the various notching geometries that were used, as 
well as the equipment and procedures to create them. 
 
A brief investigation into two different methods of creating the specimen bars was 
discussed, which produced unexpected results. It was concluded that neither method 
of preparation was beneficial over the other, but the factor that most effects the 
failure times was the residual stresses remaining from compression moulding of the 
plaque. Notching the specimen bars inadvertently removes residual moulding 
stresses from two sides of the sample with a positive effect. 
 
Finally specimen preparation for SEM, DIC and light bench techniques were 
described. 
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Chapter 5  
5 SCG Testing Results 
 
5.1 Introduction 
This chapter is split into several sections. Each will review and discuss the effect of a 
particular parameter on the SCG tests. The last two sections will use all the 
improvements found during testing and apply them on two, more advanced PE 
resins in an attempt to reduce the time to failure when compared to using square 
notched ligaments. 
 
5.2 Notching geometries 
Initial tests showed that the notching geometry with the most promise was the V-
groove circular ligament. Other geometries that were tested such as the cylindrical 
centre section and the square notched groove, were found to have no benefits over 
the V-groove method producing longer times to failure. Manufacture and preparation 
was also vastly more complex producing a larger scatter in the results. After initial 
tests no further experimental work was conducted using them and only the circular 
V-groove ligament was carried forward for further testing with the original square 
ligament for comparison purposes. 
 
5.3 Effect of varying ligament area  
Using the techniques described in section 4.6, samples with square ligaments and 
samples with V-groove circular ligaments were produced with various ligament areas 
to investigate the effect it may have on the times to failure. 
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5.3.1 Varying the ligament area with square notch geometry 
To improve the tests that were in place by the sponsoring company without making 
drastic changes to their setup, initial thoughts were to decrease the ligament area by 
increasing the notch depth. This would require no new equipment, only modifications 
to procedures.  
 
Previous work using the CDNT test (Pandya & Williams 2000;Ting, Williams, & 
Ivankovic 2006a;Ting, Williams, & Ivankovic 2006b) had shown that increasing the 
notch tip (plastic) constraint by reducing the ligament area reduces the crack tip 
ductility thus promoting crazing and acting to suppress shear yielding by preventing 
fibrils being drawn from the bulk, and forcing voids to form ahead of the notch tip and 
across the ligament, and hence the ligament fail in a brittle manner. However, those 
tests were conducted in a screw driven test machine at a constant rate of 
0.005mm/min. Although the rate of extension was higher than that produced by a 
constant load test, Ting believed that it could still be considered quasi-static and 
therefore fall under the long term test scenario. It was thought that this principal 
might be transferable to the square ligament geometry under long term, constant 
load test conditions. 
 
Figure 5.1 – Photos of the square notched fracture surfaces. Reducing the ligament area from 
16 mm
2
 to 56 mm
2
. Not all steps are shown.  (a) 10 mm length graticule.
 
(a) 
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When using a standard notch depth of 1.6 mm, giving a ligament area of 
approximately 46 mm2, the time to failure was found to average 170 hours. This 
failure time is lower than that reported by the sponsoring company, 230 hours, but to 
a certain extent expected, as it is known that there are laboratory to laboratory 
discrepancies, due to the large number of variables, when conducting SCG tests.  
 
Unexpectedly, the effect of increasing the notch depth was found to increase the 
time to failure dramatically. When the notch depth was increased to 3.13 mm, a 
ligament area of 14 mm2, the average time to failure increased by 150 % to 450 
hours. 
 
 
Figure 5.2 – Time to failure against ligament area for square notch geometry at 5 MPa. 
 
This increase in time can be explained due to the action of pressing the razor blade 
into the tough sample material. It has the undesired effect of disturbing the crack tip 
material in a way to blunt the induced crack tip. It has also been shown that there 
can be different densities of compacted fibrils remaining at the crack tip formed by a 
razor blade in PE (Williams 2006a). Figure 5.3 shows the packing effect that pushing 
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the razorblade through the polymer can have, causing micro-cracks to be left behind 
as the fibrils are dragged along and it causes a higher packing density ahead of the 
notch tip. 
 
        
Figure 5.3 – SEM micrograph (left) of surface cut by razorblade from manufacturing a square 
ligament sample (right). Razorblade was inserted left to right on the micrograph. 
 
5.3.2 Varying the ligament area with circular notch geometry 
Increasing the notch depth with the circular geometry does not affect the notch tip in 
the same way as the square geometry. Circular notching slices the sample instead of 
pushing through it and thus it was expected that as the ligament area was reduced 
the time to failure should reduce due to greater constraint of the ligament by the 
notch tip.  
 
The ligament area was varied from 40.9 mm2 to 6.7 mm2 keeping the applied stress 
as close to 5 MPa as possible but due to the nature of the testing procedure there 
was slight variation.  
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Figure 5.4 – Photos of the circular notched fracture surfaces. Reducing the size of the 
ligaments from 40.9 mm
2
 to 6.7 mm
2
. Not all steps are shown. (a) 10 mm length graticule. 
 
Plotting the results (Figure 5.5) gives a very interesting correlation between the 
ligament area and the time to failure. It implies that there is a ligament area that will 
give the longest time to failure, but two possibilities for the shortest time to failure, 
suggesting two different modes of failure. The scatter is likely due to the slight 
variation in applied stress between samples. 
 
The optimum ligament area to use for testing was chosen, from Figure 5.5, to be 35 
mm2 as using the smaller ligament areas to achieve faster failure times has several 
impracticalities. Small ligament areas are hard to manufacture consistently and 
accurately and lead to larger manufacturing errors. Secondly, the loads needed to 
apply a stress of 5 MPa during testing would be so low that friction within the pivot 
arms of the test rig becomes a significant contributing factor. For those reasons it 
was decided to investigate using the larger ligament area.  
 
(a) 
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Figure 5.5 – Ligament Area against failure time for circular geometries with applied stress of 
approximately 5 MPa. Lines are approximate means through the points. 
 
To confirm the choice of ligament area a second approach was also taken. There is 
much debate over the accuracy of a fracture mechanics approach for SCG of HDPE 
but work done by Plummer et. al. (Plummer, Goldberg, & Ghanem 2001) using 
fracture mechanics, used  Equation 5 to find the initial stress intensity factor, 𝐾𝑖 , of a 
polymeric cylindrically notched bar specimen with a sharp notch, when subjected to 
a tensile load 𝐹. 
 
𝐾 = 𝜎𝑛𝑜𝑚  𝜋𝑎 1 − 2𝜉  
1 2 
×  
1.121 − 3.08𝜉 + 7.344𝜉2 − 10.244𝜉2 + 5.85𝜉4
1 − 4𝜉 + 4𝜉2
  
Equation 5 
 
where 𝜉, is the reduced crack length 𝑎 𝐷 , 𝐷 is the total specimen diameter, 
 
𝜎𝑛𝑜𝑚 =
4𝐹
𝜋𝐷2
 
Equation 6 
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and, 
𝜎 =
4𝐹
𝜋 𝐷 − 2𝑎 2
 
Equation 7 
 
However in this instance 𝐹 is variable as σ and σnom are constant at 5 MPa.  
 
If K/σ is plotted as a function of a/D, where D is 10 mm and σ is 5 MPa (Figure 5.6), 
the stress intensity factor, K, has a maximum at a crack length, a, of 1.7 mm. 
 
 
Figure 5.6 - K/σ as a function of a/D for D = 10 mm and σ=5 MPa 
 
Using this crack length, the optimum ligament area, A, using Equation 8, is found to 
be 34.2 mm2. 
 
𝐴 = 𝜋 𝑟 − 𝑎 2 
Equation 8 
 
Figure 5.6 also confirms that for a given K there are two possible crack lengths that 
would produce the same time to failure, further implying that there are two possible 
failure mechanisms. 
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5.3.3 Summary 
When varying the ligament area the notching method dictates whether the outcome 
will be beneficial or not. With the square geometry, decreasing the ligament area has 
the undesired effect of increasing the time to failure dramatically. This is thought to 
be due to a packing effect produced by pushing the razorblade into the samples. 
This theory was reinforced by evidence of polymer packing visible during SEM 
inspection of the fracture surface. 
 
When notching by slicing, as used to manufacture the circular ligament geometry, 
polymer packing does not occur because the razor blade slices though the sample. 
After testing of ligaments ranging from 40.9 mm2 to 6.7 mm2, using an applied stress 
as close to 5 MPa as possible, it was found that the most promising ligament area 
was approximately 35 mm2. This was then confirmed using a fracture mechanics 
approach to be the optimum ligament area.  
 
5.4 Effect of Varying Applied Stress 
The maximum applied stress that the PE-A resin should be exposed to when 
undertaking a FNCT is 5 MPa. This is an accepted stress level to use for lifetime 
assessment tests to achieve brittle failure. It is low enough that the sample will not 
yield in a ductile manner as soon as the load is applied, but high enough to cause 
failure by brittle ESC. 
 
This investigation was carried out to verify whether the 5 MPa recommended stress 
was justified and also if the use of a higher level of constraint when using the circular 
geometry would allow for higher stresses to be used yet maintain SCG conditions. 
 
5.4.1 Square notch geometry with varying applied stress 
The square notch geometry, used for FNCT, is a standard geometry used when 
conducting many lifetime assessment tests and is used extensively by the research 
partner. In the interest of thorough research the applied stress was varied to find the 
point at which the mode of failure changes from mainly brittle to mainly ductile and 
attempt to assess the reasons for which this happens. A standard notch depth used 
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by the research partner of 1.6mm was used, giving a ligament area of approximately 
46 mm2 and the applied stress was varied from 4 MPa to 7.7 MPa. 
 
 
Figure 5.7 – Fracture surface of square notch geometry at 4 MPa. Fracture surface is 
approximately 6.8 mm x 6.8 mm. 
 
At 4 MPa (Figure 5.7) the fracture surface was completely brittle with no visible 
necking. The appearance of polymer drawing is only when viewed from the top and a 
small amount is unavoidable towards the end of failure, as the ligament area reduces 
dramatically the applied stress increases beyond the yield stress. The remaining 
ligament has insufficient strength and yields. 
 
 
Figure 5.8 – SEM micrograph of rough, grainy texture indicative of a brittle surface fracture. 
 
The appearance of a “hole” (arrow in Figure 5.7) surrounded by shear lip is 
surprising, as one would expect yielding to occur with drawing of the polymer 
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producing a cone shape. However, inspection by SEM (Figure 5.10) shows that the 
fracture surface contains islands, or patches of craze remnant that may match up 
with the fracture surface on the opposing half. It is possible that this is due to the 
crack growing alternatively from one craze matrix boundary interface to another. This 
results in a layered structure surface which was described by Hazra (Hazra 2000) 
and illustrated in Figure 5.9. 
 
 
Figure 5.9 – Schematic of the layered structure surface. 
 
  
Figure 5.10 – SEM micrograph of area highlighted by arrow in Figure 5.7. 
 
At 5 MPa, the recommended test stress, fracture was mostly brittle, again showing 
very little necking. However when plotted on an applied stress against failure time 
graph (Figure 5.20) it would appear that 5 MPa is in the ductile or transition failure 
region, implying that it should not be the recommended stress for this geometry. 
When brittle failure mode is required, 4.75 MPa or 4.5 MPa should be used to give 
more consistently brittle results. 
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Figure 5.11 - Top and side view at 5.3 MPa (~160 hours). Fracture surface is approximately 6.8 
mm x 6.8 mm. 
 
At 5.3 MPa (Figure 5.11) there are still large regions of brittle failure indicated by 
areas that appear to have a rough, grainy texture (Figure 5.8). Areas that appear to 
have lines that stretch to a centre cone (Figure 5.12), are where fibril drawing has 
begun to occur. This appearance is due to pulling of the polymer chains from the 
bulk and drawing them to a centre cone where necking, followed by yielding usually 
occurs. A number of fibrils that had a limited extension and could not be drawn any 
further, likely due to insufficient strength between polymer chains or between the 
fibril and bulk, can also be seen to have thinned and failed during the necking 
process.  
 
The rippled effect, visible mostly on the surface but not on the yielded fibrils, is where 
relaxation has occurred post failure. The evidence that relaxation has occurred on 
the main bulk suggests that the bonds between polymer chains were not broken but 
simply tensioned, unlike the yielded fibrils which are straight, where the polymer 
chains unravelled and bonds broken and therefore were unable to contract once the 
stress was removed. 
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Figure 5.12 – SEM micrograph of fibril yielding due to drawing towards a centre point out of 
picture at the bottom right hand corner. Right, closer view of area highlighted by square. 
 
At the centre of the sample, sufficient polymer begins to be drawn that slight necking 
becomes evident. Polymer chain drawing also begins to clearly occur at the corners, 
which likely act as stress concentration points, but no necking is visible. Again there 
is a small area of layered structure near the centre. 
 
The side profile (Figure 5.11) indicates that only very small areas of macroscopic 
plastic deformation have occurred, with a centre detachment point that is just 
beginning to become significant. Failure was close to 160 hours. 
 
 
Figure 5.13 – Top and side view at 6.4 MPa (~ 77 hours). Fracture surface is approximately 6.8 
mm x 6.8 mm. 
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At 6.4 MPa (Figure 5.13) the ductile regions have increased and polymer is now also 
beginning to be drawn from around the whole outside area of the ligament, from 
what was the notch tip, which is seen as lines leading inwards towards the centre of 
the sample. This is most likely due to blunting of the notch tip and by continued craze 
growth into the ligament but without crack advancement through fibril yielding. The 
crack continues to open, and voids form ahead of the crack tip but the crack tip fibrils 
do not break or pull out. They continue to draw material from the bulk until they yield 
at which point there are sufficient voids ahead of the crack tip that the remaining 
fibrils fail in a brittle manner as the stress increases prior to failure as the crack 
advances (Figure 5.14). 
 
 
Figure 5.14 – Schematic of craze growth across the ligament without crack advancement. 
 
 
Figure 5.15 – Damage structure across the ligament showing voiding and fibril formation 
within the ligament (Ting 2003). This is the same as the final stage schematic from Figure 5.14. 
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When large voids form in the centre of the ligament, as in Figure 5.15, it leaves a 
pitted shape in the fracture surface which is evident in many of the samples. 
There are still significant areas of brittle rupture and failure occurred after 
approximately 77 hours. 
 
 
Figure 5.16 – Top and side view at 7.1 MPa (~ 36 hours). Fracture surface is approximately 6.8 
mm x 6.8 mm. 
 
At 7.1 MPa (Figure 5.16) there is only a very small brittle region remaining, just 
below the centre, and the remainder of the surface has failed in a ductile manner. At 
this point there is a large amount of permanent macroscopic deformation in the form 
of plastic flow, all of which is in the centre of the sample at the final separation point. 
The polymer drawing appears to be pinned from the corners of the ligament showing 
a ridge that leads towards the centre. This pinning may be as a result of the notching 
process and occurs because the crack is notched from one side, and then when the 
perpendicular notch is made, the high polymer density at the first notch tip is 
combined with the high polymer density from the second, perpendicular notch, 
creating a corner that has a polymer twice as densely packed than the rest of the 
notch tip thus delaying failure for longer (Figure 5.17).  
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Figure 5.17 – SEM micrograph showing corner of ligament. Highlighting extremely high 
density polymer build up, causing pinning.  
 
The sample most likely failed in this way because the applied stress was too high for 
stable craze growth to be sustained and the sample elongated through creep 
mechanisms and then yielded plastically. Failure occurred at approximately 36 
hours. 
 
 
Figure 5.18 – Top and side view at 7.7 MPa (~ 28 hours). Fracture surface is approximately 6.8 
mm x 6.8 mm. 
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At 7.7 MPa (Figure 5.18) failure is completely ductile with very large amounts of 
plastic flow which can be observed in the side profile. Figure 5.19 shows where the 
notch tip started, and due to severe blunting of the crack tip, continued to draw 
polymer as the ligament extended but without the crack tip advancing. Some fibrils 
have been drawn and then yielded, but mainly it is the bulk that has yielded 
plastically with little void or fibril formation within the ligament. 
Failure occurred at approximately 28 hours. 
 
 
Figure 5.19 – SEM micrograph showing location of notch tip before testing, indicated by 
dashed line. 
 
Figure 5.20 shows the discussed samples on an applied stress against time to failure 
plot. The regions of ductile and brittle failure are indicated and where they cross is 
the transition region which is approximately 205 hours at a stress of 4.75 MPa. This 
is slightly faster and at a lower stress than that achieved by the sponsor partner (230 
hours at 5 MPa) but a slight difference is to be expected between laboratories. The 
time to failure is within the 15 % variation margin set by the research partner. 
 
As can be seen from the samples , the transition is not where the failure mechanism 
jumps from ductile to brittle, but changes from mainly ductile to mainly brittle failure 
so the transition is not so much a point but a region. 
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Figure 5.20 – Graph of applied stress against failure time for the square geometry. 
B
ri
tt
le
 
D
u
c
ti
le
 
101 
 
5.4.2 Circular notch geometry with varying applied stress 
When conducting tests with the circular notched geometry, it was expected that the 
ligament could withstand higher stress levels than the square notched geometry due 
to not having stress concentrator locations, such as the corners of the square 
ligament causing blunting. From literature it has also been suggested that it has a 
higher level of constraint which would also allow higher stresses to be applied before 
failure occurred. 
 
The most favourable notch depth found from section 5.3.2 was approximately 1.7 
mm which gives a ligament area of approximately 35 mm2. Using this ligament area 
the applied stress was varied from 4.7 MPa to 8.5 MPa to find the transition stress 
and failure time. 
 
 
 
Figure 5.21 - Top and side view of fracture surface of circular notch geometry at 5 MPa. 
Fracture surface is approximately 6.5 mm at its widest point. 
 
Below a stress of 5 MPa (Figure 5.21), the fracture surface is completely brittle as 
would be expected. There is no visible necking or permanent plastic flow. What 
appears as surface drawing, is on closer inspection, still brittle fracture (Figure 5.22). 
The fibrils are simply orientated towards the final separation point where, as with the 
square ligaments, final failure involves a small amount of ductile yielding as the 
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ligament area drastically reduces and the applied stress rapidly increases beyond 
the yield stress. 
 
 
Figure 5.22 – SEM micrograph showing area highlighted in Figure 5.21. Brittle fracture surface 
that has failed with fibrils directed towards final failure point at centre of ligament. 
 
A small amount of yielding always occurs around the ligament, at the crack tip, even 
prior to brittle failure, as a result of slight crack tip blunting (Figure 5.23) which occurs 
during loading of the sample as it attempts to extend and redistribute the applied 
stress. 
 
 
Figure 5.23 – SEM micrograph of outside edge of ligament, showing very small amounts of 
fibril yielding at the crack tip.  Dashed line indicates location of initial notch. 
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The samples continue to fail in a brittle manner up to 5.5 MPa which is higher than 
can be achieved with the square ligament geometry. This higher stress results in 
faster times to failure, averaging approximately 110 hours, as opposed to 205 hours 
achieved with the square ligament geometry. 
 
 
Figure 5.24 - Top and side view at 5.8 MPa (~ 100 hours). Fracture surface is approximately 6.5 
mm at its widest point.  
 
At 6 MPa (Figure 5.24) the fracture surface is still largely brittle, except for a small 
ductile region around the outside where polymer drawing has become significant 
(Figure 5.25) and, in the centre where final separation has occurred. This is 
confirmed from the side view where macroscopic plastic flow is evident in the centre 
but not significantly anywhere else. Failure has occurred after approximately 100 
hours. 
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Figure 5.25 – SEM micrograph of significant drawing beginning to occur at notch tip. 
 
At 7 MPa (Figure 5.26), evidence of polymer being drawn towards the centre 
becomes clear around the entire ligament circumference. Brittle regions still 
dominate most of the centre area but generally occupy much less than at 6 MPa, 
and contain pitted regions that appear to be from large void formations within the 
ligament. The side view shows plastic flow has begun to occur more widely, and the 
polymer drawing has resulted in the fracture surface being raised slightly where bulk 
creep occurred prior to fracture. Failure occurred after approximately 60 hours.  
 
 
Figure 5.26 – Top and side view at 7 MPa (~ 60 hours). Fracture surface is approximately 6.5 
mm at its widest point. 
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Figure 5.27 - Top and side view at 7.5 MPa (~ 35 hours). Fracture surface is approximately 6.5 
mm at its widest point. 
 
At 7.5 MPa (Figure 5.27) the ductile regions outnumber the brittle regions and very 
few areas of brittle failure remain except in the very centre. These brittle regions 
have longer fibrils protruding than at lower stresses, suggesting that a larger amount 
of drawing occurs before failure. Fibril drawing around the circumference of the 
ligament has increased and been drawn out of the sample, surrounding the 
remaining fracture surface, producing a shape like that of a volcano, leaving a mainly 
brittle surface at the bottom. Failure most likely occurred in a similar manner as that 
described for the square geometry at 6.4 MPa. The craze zone grew the span of the 
ligament but the crack tip did not advance due to blunting of the notch tip. Fracture 
then most likely initiated in the centre, due to large void formations and finally the 
ligament circumference yielded at the notch tip.  
 
Above 8 MPa (Figure 5.28) the fracture surface displays the same volcano like crater 
in the centre. The difference however, is that the opening is much smaller and the 
top is higher, there also remain no regions of brittle fracture in the centre, just many 
extensively drawn fibril clusters. This suggests that, like at 7.5 MPa, voiding started 
to occur in the centre but creep followed by complete ductile yielding occurred before 
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the voids could grow to a critical size or before the craze could penetrate the entire 
ligament. The outer fracture surface is completely oriented towards the centre as 
fibrils are drawn towards it and then into the neck. The side view shows that the 
entire surface has been plastically deformed before failure finally occurred. 
 
 
Figure 5.28 – Top and side view at 8.2 MPa (~ 25 hours). Fracture surface is approximately 6.5 
mm at its widest point. 
 
Figure 5.29 shows the applied stress against the time to failure with the previously 
mentioned samples on it. The regions of ductile and brittle failure are indicated and 
where they cross is the transition region which is approximately 110 hours at a stress 
of 5.5 MPa. This is almost half the time to failure when compared to using the square 
ligament geometry specified by the research partner. 
 
All of the same fracture surface characteristics become apparent in the same order 
as that produced by the square ligaments but at higher stress levels and, as can be 
seen from the samples the transition is not a jump in failure mechanism but a 
gradual change from mainly ductile to mainly brittle failure.  
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Figure 5.29 – Graph of applied stress against failure time for the circular geometry. 
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5.4.3 Summary 
This section has shown that by using the circular ligament geometry over the square 
ligament, brittle failure can be maintained to a higher stress of 5.5 MPa instead of 
4.75 MPa. This results in a faster time to failure of approximately 110 hours instead 
of 205 hours which is almost a 50 % improvement. 
 
The reason for this improvement, when switching from a square ligament geometry, 
to a circular one is not fully understood. However there are several contributing 
factors. Previous studies using circular ligament geometries (Pandya 2000;Ting 
2003), and discussions with other researchers (Williams 2006b), have led to the  
conclusion that circular notching provides a high level of constraint which promotes 
crazing and suppresses shear yielding, by forcing voids to form ahead of the notch 
tip and across the ligament, and hence the ligament fails in a brittle manner at higher 
stresses. With square ligaments the effect of polymer packing as a result of the 
notching process, discussed in section 5.3.3, is also thought to contribute to failure at 
a lower stress and longer time. 
 
5.5 Effect of varying the notch angle 
A parameter that may be varied when manufacturing the circular geometry samples 
is the notch angle, 
 
Figure 5.30 – Schematic of V-groove notch
 
To investigate the effect that varying  may have on the failure times, three angles 
were tested, 140˚, 70˚ and 20˚. Three samples for each V-groove angle,  were 
tested with a ligament area of 35 mm2 and at stress of 5 MPa. One sample of each 
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angle was placed into each tank to reduce any effect that one tank may have on a 
batch. 
 
The times to failure for each angle were averaged and plotted (Figure 5.31) with 
standard deviation error bars. 
 
 
Figure 5.31 – V-groove notching angle, , against average time to failure for each angle, 
showing standard deviation error bars. 
 
From the results it can be concluded that the V-groove angle does have a slight 
effect on the testing time. The difference appears to be greatest between 20˚ and 
70˚, with only a small improvement using 140˚. However, only 10 % (14 hours) 
separate the angles, which is a very minor difference. This may be attributed to the 
fact that each notch is equally sharp due to passing a razorblade at the base of the 
notch after the V-groove is made. It is known that notch tip sharpness has a great 
effect on time to failure (Lu, Qian, & Brown 1991), perhaps more than notch angle. 
 
The angle that was selected for further experiments was 70˚. The reasons for this 
are as follows. Maintaining and using a 140˚ cutter is very difficult because the angle 
is so large that the cutting triangle protrudes very little, so an undercut (Figure 
5.33(a)) cannot be made. This makes for a poor cutter because it has a shallow 
cutting angle and also needs to be sharpened more often than a 70˚ cutter. 
Furthermore, turning a square bar using this cutter produces an impact every quarter 
turn as the corner of the specimen is machined due to the shallow cutting angle. This 
0
20
40
60
80
100
120
140
160
70.0 90.0 110.0 130.0 150.0 170.0 190.0
N
o
tc
h
in
g 
A
n
gl
e
 /
 d
e
gr
e
e
s
Time to failure / hours
140˚
70˚
20˚
110 
 
shock loading is likely to have a detrimental effect of the crack tip sharpness and 
craze zone ahead of the crack tip. 
 
Finally the reduction in time to failure is only 3 % (5 hours), going from 70˚ to 140˚, 
so the added difficulty in using the cutter is not time efficient for the relatively small 
gains. 
 
 
Figure 5.32 – Side and top view of 20˚ cutter. 
 
      
Figure 5.33 – Side and top views of 70˚ cutter (left) and 140˚ cutter (right). (a) undercut that 
gives a steep cutting angle. 
 
5.6 Effect of soak time  
A factor that was thought to have an influence on the time to failure was the 
acclimatisation period or soak time of the samples in the Arkopal solution before 
testing begins. It was thought that to a point, the longer the soak time the faster the 
time to failure, as it seems reasonable to assume that the Arkopal would penetrate 
further into the sample the longer it is exposed, and upon loading, chain slippage 
would be facilitated deeper into the sample. This would cause faster craze growth 
into the ligament and reduce the time to failure. 
(a) 
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Nevertheless, this did not prove to be the case. The soak time was varied from 6 to 
70 hours with no perceived decrease in the failure time for a given stress. It was 
concluded that without the applied stress the bulk material is too dense for the 
Arkopal to penetrate any deeper than the damage layer caused by notching. Yet 
once the load is applied and a craze begins to form, there is enough space for the 
agent to penetrate and aid chain slippage. It must be noted that a minimum soak 
time is still required for the sample to heat up to the test temperature of 80 ˚C. 
 
5.7 Resin PE-C 
To verify whether the gains in using the circular geometry could be transferred to 
another polymer resin, samples were manufactured with resin PE-C. This resin has a 
higher ESCR than PE-A, so it was expected to have a greater time to failure but still 
within reasonable testing times. The research partner, using standard FNCT, 
determined the failure time to be approximately 580 hours at a stress of 3 MPa. It 
was theorised by the research partner from previous experiments that any 
improvement made to the technique, reducing the time to failure on a lower grade of 
PE, would produce a greater percentage improvement when testing a higher grade 
resin of PE. 
 
Tests using a circular geometry with a ligament area of approximately 35 mm2, and a 
V-groove angle of 70˚, were tested at applied stresses from 2.9 MPa to 3.8 MPa.  
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Figure 5.34 – Top and side views of fracture surfaces of Resin PE-C. Fracture surface is 
approximately 6.5 mm at its widest point. 
 
All samples tested had brittle fracture surfaces comparable to that of Figure 5.34. 
The brittle surface has a very fine texture, more so than PE-A, at the notch tip but 
becomes coarser closer to the ductile separation point (Figure 5.35), and covers 
most of the surface. The only distinct feature is a small ductile area which is 
unavoidable in this type of test and has been discussed in section 5.4. The reason 
for the final separation point not being centrally located may be due to a slight 
misalignment during testing, but this should not affect the results significantly.   
 
 
Figure 5.35 – SEM micrograph showing, from left to right, fine brittle fracture surface at notch 
tip becoming coarser and then ductile at the separation point. 
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Further testing at higher stresses, to locate the transition stress and time, could not 
be carried out due to an unforeseen shortage of materials, but the location is 
speculated by the dotted line in Figure 5.36. However, at a stress of 3.6 MPa the 
failure mode remained brittle and failed in 203 hours. This is again, a significant 
improvement in the time to failure when compared to using the square ligament 
geometry.  
 
 
 
Figure 5.36 – Applied Stress against time to failure for Resin C, circular geometry. Dotted line 
shows expected region of ductile failure. 
 
These results show that the circular geometry is transferable to other resins that 
have higher ESCR, enabling higher test stresses to be used, which reduce the time 
to failure significantly. In this instance failure time was reduced from 580 hours at 3 
MPa with a square geometry, to 203 hours at 3.6 MPa with the circular geometry. 
Improvements may even be greater if further testing were to be carried out. 
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5.8 Resin PE-B 
The most advanced resin supplied by the research partner was Resin B. It has an 
extremely high ESCR and the times to failure obtained by the research partner using 
the square notch geometry at 5 MPa were in the region of 1800 ± 200 hours. It was 
expected that with the increase in performance of the test from PE-A to PE-C, 
moving to a resin with higher ESCR, like that of PE-B, would again produce 
increased performance by reducing the time to failure further. 
 
The quickest method to find the transition time and stress using the least number of 
samples was to simultaneously start testing at 6 MPa and 4 MPa and work towards 5 
MPa, which is known to be the transition stress when using the square ligament 
geometry. The tests were limited to 2000 hours which is the useable lifetime of the 
Arkopal solution. 
 
Testing up to 2000 hours presented many new challenges. The reliability of much of 
the apparatus was pushed to its limits and on several occasions equipment failed 
due to the high, constant running temperature and the corrosive nature of Arkopal. 
When this occurs near the end of a 2000 hour test much time and effort is lost. 
 
 
Figure 5.37 – Applied Stress against time to failure for Resin B, circular geometry. Dotted line 
shows expected region of brittle failure. 
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Testing of the higher stresses was simpler because the times to failure were much 
reduced as the samples failed in a ductile manner. However, at lower stresses up to 
4.5 MPa, the samples did not fail within the 2000 hour limit and were removed before 
failure could occur. 
 
Testing proceeded as planned until an unforeseen shortage in materials prevented 
any further experiments from being carried out and the transition, time to failure and 
stress could not be found. Figure 5.37 shows the results that were obtained prior to 
the abrupt halt of testing and where the transition region is thought to be.  
 
Samples were tested in the higher stresses between 6.2 MPa and 5.8 MPa and in 
the lower stresses between 4 MPa to 4.5 MPa. All samples in the higher stress 
region failed in a ductile manner and had a fracture surface as shown in Figure 5.39, 
whilst the samples in the lower stress regions did not fail within the 2000 hours time 
limit. Non-fractured samples did show a small amount of permanent deformation 
after relaxation, due to creep, visible in Figure 5.38, which suggests that failure 
would have occurred eventually as PE-B tends to show very little plastic flow before 
failure (Aurelien 2007). 
 
 
Figure 5.38 – PE-B sample that was tensioned at 4.5 MPa and removed from testing after 2000 
hours. Permanent deformation has occurred due to creep and notch has opened up. 
 
High stress samples failed in a largely ductile manner leaving a volcano like shape 
with a crater in the centre, indicating that the notch tip was highly blunted. There is 
very little permanent deformation visible (Figure 5.39), with most of the polymer 
drawing appearing to be towards the centre rather than out of the sample. 
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Figure 5.39 - Top and side views of fracture surfaces of Resin PE-B. Fracture surface is 
approximately 6.5 mm at its widest point. 
 
Using SEM it is possible to see an interesting pattern in all of the ductile samples 
that was not seen with any other resin. The crater has one lower side and the 
polymer appears to have been drawn into the centre with yielded fibrils pointing in 
the directions indicated in Figure 5.40. Final failure occurred at the top of the crater 
with very little pullout, unlike other resins. The lower crater wall on one side and the 
off centre separation point may be due to a very slight misalignment in the apparatus 
but the distinct directionality must be due to a material property that prevents large 
amounts of polymer drawing from the bulk. 
 
Also of note is that on the outside walls, the yielded formation is similar to that of 
Figure 5.12 indicating crack tip ductility and creep, but moving towards the centre 
many more yielded fibril tips appear (Figure 5.40(a)) which could be a sign of drastic 
fibrilar yielding post crazing. This normally causes the fibrils to cluster together and 
form larger ductile walls, which unusually has not occurred. 
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Figure 5.40 – SEM micrograph showing a typical fracture surface for PE-B. Arrows show 
directional appearance of fibrils. (a) Closer image of fibrils in centre of crater. 
 
The conclusions that can be drawn from the applied stress against time to failure 
graph (Figure 5.37) in this instance are few, due to the limited amount of testing that 
was able to be completed with restricted amounts of material. The ductile line is 
where it would be expected but the transition and brittle line can only be estimated 
from experience. It is thought that if the remaining tests were completed, the time to 
failure using the circular ligament would show a significant improvement over the 
square geometry as results from resins PE-A and PE-C have shown, possibly in the 
region of 700 hours if brittle failure occurs at 5.5 MPa. 
 
It was also seen that the fracture surface for PE-B is very different from that of the 
other resins showing a distinct surface structure and very little plastic flow on a 
macroscopic level. This can only be explained by a difference in material properties 
as all other parameters were kept constant. 
 
(a) 
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5.9 Results Summary 
This chapter has reviewed the main physical test parameters that effect the time to 
failure when conducting SCG tests and has shown that there is a distinct advantage 
when moving from traditional square notched ligament tests such as the FNCT to 
using a circular notched ligament. As a result of implementing the changes the times 
to failure have been reduced dramatically for every resin, with the most advanced 
showing the greatest improvements.  
 
The main findings are as follows: 
 There is a fundamental problem with producing square ligament notches by 
pressing the razorblade into the sample. This delays failure due to polymer 
packing and thus blunting at the notch tip and is compounded when the notch 
depth is increased. 
 The optimal circular ligament area was chosen to be 35 mm2 as a result of 
manufacturability ease and the aid of a fracture mechanics approach. 
 Using circular notches rather than square notches allows the stress to be raised 
by at least 10 % to achieve a shorter failure time by a factor of at least 2 and still 
conserve a brittle failure mode. 
 The optimal notch angle was chosen to be 70˚ and gives the best compromise 
between accurate notching and time to failure. 
 Soak time prior to testing has no perceivable effect on the time to failure. 
 Experimental changes carried over to PE-C and PE-B showed great 
improvement in the time to failure, however unforeseen circumstances 
prevented completion of the testing schedule. 
 
5.9.1 Times to failure 
The transition times to failure for each resin and geometry are listed in 
Table 5-1. The values for resin C and B are estimated from the time to failure against 
applied stress graphs and are the expected results if testing were completed. 
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Resin Geometry, Area 
/ mm² 
Stress / MPa Average time to 
failure / hours 
A Square, 46 5 230 ± 35 (15 %) ** 
A Square, 46 4.75 205 
A Circular, 35 5.5 110  
C Square, 46 3 580 ± 90 (15 %) ** 
C Circular, 35 3.8 160 * 
B Square, 46 5 1800 ± 200 (11 %) ** 
B Circular, 35 5.5 650 * 
 
Table 5-1 – Comparisons of times to failure for different specimen geometries and resins. All 
failures are brittle mode. (* Estimated) (** Ineos data) 
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Chapter 6  
6 Digital Image Correlation Results 
 
To gain an insight as to how the different notching geometries affect the failure 
mechanisms and hence failure time, DIC was used with PE-A samples to build up a 
picture of the strain pattern on the surface and through a section of samples. 
 
There is very little literature on the use of DIC with such small sample areas and 
getting a high resolution proved difficult, especially in the region around and behind 
the notch tip, but some insightful results were obtained.  
 
6.1 3D Analysis of sectioned sample 
Using the 3D analysis tools it was possible to investigate the strain in the out of 
plane direction (Figure 6.1). This was tested on a sectioned sample with a circular 
and square notch geometry, and both showed similar outcomes. 
 
At the middle of the ligament at notch height, a small hole forms as the tests 
progress. This is as a result of polymer drawing, which would usually occur from the 
bulk were the sample not sectioned. This shows that the SCB content or chain 
entanglement does cause polymer drawing from the bulk to a limited degree as 
opposed to simply disentanglement as extension occurs. However, this process 
appears to occur to a greater extent with square notched geometry likely due to 
blunting of the notch tip from a lower level of notch tip constraint and the square 
ligament notching process. 
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Figure 6.1 – DIC output from ARAMIS, showing strain in the out of plane direction, on a 
sectioned sample, as the test progresses from left to right.  
 
6.2 Analysis of sample surface 
Figure 6.2 is a square notch sample that has not been sectioned and shows the 
strain on the surface of the sample. What can be noted is that initially, most of the 
extension occurs at the notch, where expected. However, as the crack opens there 
is an increased level of strain on the bulk side of the notch in a semi-circular pattern 
with zero strain ahead and either side of its tip. This implies that initially as the 
ligament extends, it does so through crazing and fibrilar drawing, but once the 
maximum draw ratio of the fibrils has been reached, bulk drawing begins to occur 
from the centre of the sample and not from the crack edges, affirming the 
assumptions made in section 6.1. 
 
 
Figure 6.2 – DIC output from ARAMIS, showing strain pattern on the surface of a square 
notched sample with increasing extension until failure, from left to right. (Strain in Y direction.) 
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Circular ligaments produced a similar strain pattern (Figure 6.3), but with a lower 
level of strain in the bulk prior to failure of 2.5 % compared to 3.5 % for the square 
ligament. This may be due to the increased level of notch tip constraint of the circular 
ligaments, which decreases crack tip ductility and with it the drawing process, 
instead favouring crazing which confines extension to the notch instead of the bulk. 
 
Areas above and below the notch are machined away during the notching process 
for the circular ligament, hence the much smaller zero strain areas. This may act to 
increase the strain at the notch tip as the volume of material surrounding it is 
reduced and any drawing that does occur must occur from a smaller volume. 
 
 
Figure 6.3 – DIC output from ARAMIS, showing strain pattern of the surface of a circular 
notched sample with increasing extension until failure, from left to right. (Strain in Y direction.) 
 
6.3 Analysis of sectioned samples 
The only way to make assumptions about the strain characteristics at the centre of 
the sample using the DIC technique is to test a sectioned sample as shown in Figure 
4.18. Whilst this will not provide a totally accurate picture it will allow some basic 
conclusions to be drawn and comparisons between the different notching geometries 
to be made. 
 
Figure 6.5 shows the strain pattern of a square notched sample and Figure 6.6  that 
of a circular notched sample. In both cases the greatest regions of strain are two 
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crescent shaped areas above and below the notch, which appear to touch on the left 
and right hand sides, at the notch tip. At the centre of the ligament there is a very 
slight negative strain region, more so for the circular geometry at -1.3 % compared to 
-0.5 % for the square ligament, indicating an area of slight compression. This region 
decreases in size as the sample approaches failure, again more so for the circular 
notch. This may be a result of slight extension at the notch tips, compressing the 
ligament as indicated in Figure 6.4. 
 
 
Figure 6.4 – Extension of the ligament resulting in compression at the centre. 
 
The most noticeable difference between the two samples is that of the bulk strain. 
For the square ligament the bulk has almost a uniform strain at mid test of 2 %, and 
near the end of the test it increases to 4 % but still covers a large amount on the 
bulk. In contrast, the circular geometry has a much more localised strain field around 
the notch and the bulk strain never increases further than 2 %.  
 
 
Figure 6.5 – DIC output from ARAMIS, showing square notched sample sectioned through 
centre with increasing extension until failure, from left to right. (Strain in Y direction.) 
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The final difference and that which most likely has the largest effect on failure time is 
the strain field surrounding the notch. Again more localisation and higher strain is 
apparent for the circular geometry, creating a flatter field becoming more of a band 
than a crescent approaching failure. The strain increases slowly from 7 % to 13 % 
and then drops quickly to 1 % closer at the centre, with localised areas of very high 
strain at 17 %. The square notched strain field has a more extended oval shape and 
extends further into the bulk. Strain increases rapidly from 6.5 % to 10 % and then 
back down to 0 % at the centre. 
 
 
Figure 6.6 – DIC output from ARAMIS, showing a circular notched sample sectioned through 
centre with increasing extension until failure, from left to right. (Strain in Y direction.) 
 
6.4 Summary 
These differences show that the circular notch constrains the ductility to a smaller 
area around the crack tip, preventing large amounts of polymer drawing occurring 
from the bulk. Higher local stresses initiate SCG and cause a craze zone to form, 
eventually causing brittle failure as opposed to yielding, which gives usable results. 
The higher the localised crack tip stress the faster a craze can form and propagate 
resulting in a faster time to failure. 
 
There are however limitations to this test; It is conducted on a sectioned sample 
which may not give a complete picture of what is happening within a whole sample. 
The environmental conditions are not the same as those in the SCG rigs. During 
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DIC, the experiments were conducted without the aid of an accelerating agent, 
namely Arkopal N100, which would have aided chain slippage and thus may have 
affected the strain patterns. Finally the tests were conducted at a constant extension 
rate of 0.0065 mm/min and not a constant load as is the case with the SCG rigs. 
 
Despite these differences, using the DIC technique has helped understand why the 
circular ligament geometry is superior to the square ligament. 
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Chapter 7  
7 Craze growth structure and SEM findings 
 
Craze growth through the ligament can occur in several ways depending mainly on 
the polymer properties but also the notch constraint, test stress, rate and time, which 
in turn will affect the failure mechanism and failure time. A thorough study is beyond 
the scope of the current project but some insight can be gained by drawing 
comparisons with other research findings. In an attempt to simplify the tests, the only 
variables were the materials, and the testing time. This meant that not all the 
samples are at the same stages of failure but there is very little that can be done 
about that as it was not possible to test using an extensometer and the ability to 
pause the test was not available on the SCG test rigs. However, all the samples 
would have failed in a brittle manner and are over half way past their expected time 
to failure. 
 
The best method to study these formations, is the Stop-section Technique proposed 
by Clutton to Ting and used to great success (Ting 2003). In essence, this technique 
involves loading the sample to give the required extension under test conditions, 
then halting the experiment to prevent any further damage formation. The sample is 
clamped open and the load then removed. Once the sample is sectioned it can be 
examined and gives a snapshot of what the craze formation is at that point in the 
test. This technique is performed in air on an Instron machine and unfortunately 
cannot be adapted as part of this research. 
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Nevertheless, to gain some insight to the type of the craze formations occurring, 
samples were tested from each resin and then removed from the rig before failure, 
sectioned and viewed under the SEM. This method does not prevent the sample 
from relaxing and the crazes from closing but a good enough view of the damage 
structure can still be had to make comparisons between resins. Others have tried to 
avoid this problem by reopening the crack after sectioning but before inspection 
(Pandya 2000;Riemslag 1997), although this method is thought to cause new 
problems as the re-opening is never accurate and an extension measurement during 
testing is still required. 
 
7.1 Comparisons between resins 
Multiple crazing, as is the case with PE-B (Figure 7.1), suggests a good resistance to 
fracture, which PE-B is known to have. This can be explained by disentanglement of 
the fibrils. A high SCB content stabilises the craze structure where the fibrils have a 
greater capacity to draw before failure and delays the onset of chain slippage, which 
is likely to have occurred in PE-A and to a lesser extent PE-C. It also provides 
hindrance to the disentanglement process that occurs after fibrils have reached their 
maximum draw ratio, and as a stress relief method secondary crazes must form if 
the fibrils do not fail. If there is a low content of SCB, even with a high molecular 
weight, under SCG conditions and with the addition of Arkopal, any benefits of a high 
molecular weight may be negated by chain slippage. 
 
Additionally the formation of multiple crazes has the effect of severely blunting the 
crack tip and delaying failure, giving a greater resistance to SCG. 
 
 
Figure 7.1 – SEM micrograph of a multiple craze formation in PE-B.  
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The formation of multiple crazes can also be seen at the crack tip when viewed into 
the notch (Figure 7.2). In this instance there is a primary craze that can be seen 
clearly (Figure 7.2 (a)) running the length of the crack tip but when closer inspected 
(Figure 7.2 (b)) many smaller secondary crazes are also visible. On inspection of the 
primary craze (Figure 7.2 (c)) it is possible, even though the crack has relaxed and 
closed somewhat, to see several clusters of yielded fibrils that were drawn and failed 
at their midribs. The small size of these clusters and the lack of permanent 
extension, again points towards a high level of SCB preventing large amounts of 
chain slippage from occurring. 
 
 
Figure 7.2 – SEM micrograph of PE-B crack tip viewed down, into the notch with increasing 
magnification. (a) V-groove with razorblade notch at base, (b) Base of razorblade notch and 
crack tip, (c) Opening of crack tip. 
 
Figure 7.3 shows crack growth into PE-A. This single crack with a single craze 
growth formation produces very little blunting and a sharp notch tip, which results in 
a fast time to failure. It can also be seen that the crack tip has advanced into the 
ligament with very little apparent ductility, leaving few visible patches of drawn fibrils. 
(a) (b) 
(c) 
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This may be attributed to a low SCB content or a lower molecular weight allowing the 
chains to easily slip past one another with minimal fibril drawing occurring. 
 
 
 
Figure 7.3 – SEM micrograph of a single craze growth formation in PE-A. (a) Notch and crack 
tip advancement visible, (b) Close up of crack tip and single craze formation.  
 
The craze formation in PE-C (Figure 7.4) is, as expected, between the two other 
resins but closer to that of PE-A. The crack tip has again advanced into the ligament 
but now with visible ductility leaving several yielded fibril clusters. This suggests that 
there is a higher SCB content than PE-A which is further implied by the appearance 
of small secondary cracks. 
 
There is a very dominant single craze ahead of a crack tip that has advanced into 
the ligament. However, there is also a small secondary crack that has formed near 
the crack tip, but there appears to be no visible craze growth ahead of it, implying 
that it has been blunted and arrested.  
 
The primary craze has grown far into the ligament with what appear to be multiple, 
large voids. This could signify a lower molecular weight than PE-B which encourages 
void formation due to the higher proportion of free volume and lower percentage of 
fibrils per unit of volume. However, the crack tip is a significant distance from the 
(a) 
(b) 
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craze tip, signifying a medium level of fibril strength once the maximum draw ratio is 
reached, probably as a result of an increased level of SCB. This delays crack 
propagation and failure, and as a results PE-C has a greater ESCR than that of PE-
A. 
 
 
Figure 7.4 – SEM Micrograph of single craze with few, small secondary crazes in PE-C. Arrow 
show location of a closed void. 
 
7.2 Summary 
Without basic material properties, such as SCB content or molecular weight, it is 
very difficult to draw conclusions about which properties affect damage formation. 
However, reasonable assumptions can be presumed and do offer an insight as to 
why certain resins show improved ESCR and others do not. 
 
It can be concluded that the much superior ESCR of PE-B is as a result of the 
multiple craze formation massively blunting the crack tip, compounded by the 
increases in SCB, delaying fibril yielding. In much the same way PE-C has a greater 
ESCR than PE-A due slightly to the small secondary crazing but mainly due to its 
possible higher SCB content. 
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Chapter 8  
8 Conclusions and Recommendations 
 
8.1 Introduction 
This chapter will summarise the main findings and conclusions of this thesis for each 
section. 
 
8.2 Effect of varying ligament area 
When investigating a physical parameter it is important to ensure that the 
manufacturing process will not impede or become the limiting factor in the 
experiment otherwise it will not be a material parameter under review but a 
manufacturing process. This is the case when using a square notched ligament. It 
was found that as the razorblade is pushed deeper into the sample to produce 
smaller ligament areas, it does not cut the polymer cleanly but pushes it. This causes 
a build up of denser polymer ahead of the notch tip which has the detrimental effect 
of delaying the time to failure. 
 
Manufacture of circular ligaments does not have the aforementioned limitations and 
samples were successfully tested with very small ligament areas. It was found that 
the optimal ligament area to produce the fastest times to failure was 35 mm2. 
 
The validity of a fracture mechanics approach when used for polymers during ESC is 
highly debatable. At a recent TC4 conference meeting (Blackman 2007) on Fracture 
of Polymers, Composites and Adhesives, it was concluded that current application of 
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fracture mechanics to ESC conditions were not reliable and could not be used with 
any certainty. However, it was found during this research that there was some 
accordance between a fracture mechanics approach to finding the stress intensity 
factor and experimental results. Both found the optimum ligament area to be 35 
mm2. 
 
8.3 Effect of varying applied stress 
Testing the square notch geometry used by the research partner with different levels 
of applied stress found that the transition region was at a lower stress of 4.75 MPa 
than initially thought but also at a shorter time to failure of 205 hours, thwarting any 
possible improvements to the test by this method. This variation is somewhat 
expected when comparing results from different laboratories, especially when 
conducting this type of test but results are within the limits of variation specified at 
the outset by the research partner.  
 
Using the optimal ligament area found previously for the circular ligament, the 
transition region was found to be at 5.5 MPa with a time to failure of 110 hours which 
is almost a 50 % improvement. It must be noted that the transition is an area with 
mixed failure modes, but is generally defined as the point at which failure changes 
from mainly ductile to mainly brittle. 
 
The fracture surfaces have been analysed at several stages of failure using optical 
and SEM methods. At lower stresses the brittle surface has a fine texture consisting 
of small yielded fibrils. As the stress increases, the texture becomes more coarse 
and the fibrils cluster together becoming larger and more extended. Yielding is said 
to begin when the clusters are no longer separated and join together forming a shear 
wall, usually in a conical shape where final separation has occurred. As the stress 
approaches the material yield stress severe blunting of the crack tip occurs with fibril 
drawing leaving a striated pattern on the surface. Crazing may still occur within the 
ligament ahead of this blunting and leaves patches of brittle structure and pitting. 
Above the material yield stress the crack tip is so severely blunted, most likely upon 
loading, that craze formation cannot occur and the sample creeps and plastically 
yields. Of note is that the same patterns of failure occur in the two different ligament 
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geometries but the stress at which the process begins is higher for the circular 
ligament than for the square ligament. This is most likely due to two major factors. 
The corners of the square ligaments appear to act as stress concentrators blunting 
the notch with yield structures often appearing at lower than expected stresses. 
Secondly the increased level of constraint that the circular ligament provides, 
reduces crack tip ductility which favours craze growth over shear yielding. 
 
8.4 Effect of varying notch angle 
Angles of 140˚, 70˚ and 20˚ were tested at 5 MPa with a ligament of 35 mm2 and it 
was found that variation of this manufacturing parameter had little effect on the time 
to failure. As the angle was increased the time to failure was reduced but, only by 
10% overall, with a 3% increase from 70˚ to 140˚. 
 
An angle of 70˚ was chosen over 140˚ for further experimentation due to ease of 
manufacture and tool maintenance, even though the time to failure is slightly 
increased. 
 
8.5 Effect of soak time 
The widespread use of an accelerating agent such as Arkopal for ESCR testing is 
proof of its success. However, means by which it accelerates failure are still not fully 
understood. To investigate whether the exposure time of the sample to Arkopal prior 
to testing, affects the time to failure the soak time was varied from 6 to 70 hours. 
Unexpectedly there was no correlation between the two variables and it was 
concluded that after the initial equilibration time needed for the sample to heat up to 
test temperature there was no benefit in prolonged exposure before testing. This is 
thought to be because the bulk polymer is too densely packed for the Arkopal to 
penetrate when there is no craze formation. 
 
The soak time could be further investigated for extended periods of time, over 100 
hours, however the time to failure must be reduced further than the added soak time 
or any overall time benefits will be annulled. 
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8.6 Resin PE-C 
To ensure that the reduced times to failure obtained with PE-A was a result of 
improvements made to the experimental setup and was not specific to the resin, PE-
C was tested. This has a higher ESCR than PE-A, but lower than that of the most 
advanced resin grades. This allowed the failure times to be kept to a reasonable 
length. 
 
Unfortunately, due to reasons beyond control, there was insufficient material to 
complete the entire testing schedule. However, enough results were obtained to 
show that the improved methods were transferable to other resins and, as theorised 
the percentage improvement increased with a more advanced resin. The fastest time 
to failure was still brittle and recorded at 203 hours at a stress of 3.6 MPa which is 
vastly improved from the square ligament geometry of 580 hours. It was not possible 
to locate the transition region but as the shortest time to failure was still brittle it is 
possible that continued improvements might be made if further testing was to take 
place. 
 
8.7 Resin PE-B 
The most advanced resin that was tested, PE-B, has a very high ESCR with failure 
times for the FNCT tests in the region of 1600 to 2000 hours. The increase in 
performance of the test seen with PE-C over PE-A was expected to increase when 
moving to PE-B. Regrettably, the testing schedule was subject to the same problem 
as PE-C and the experiments could not be completed as planned. 
 
Samples tested at 5.8 MPa and above were all found to fail in a ductile manner and 
those tested below 4.5 MPa did not fail within the 2000 hour testing limit set and 
were removed before failure. This prevented the transition region from being found 
but the conclusion can be drawn that it will be faster than 1800 hours. If it remains at 
the same 5 MPa applied stress as that for the FNCT, then the time to failure is 
predicted to be approximately 1000 hours which is significant improvement. If the 
transition stress is higher, as it has been for the previous two resins when compared 
to the square ligament geometry, then further improvements are possible. 
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From SEM inspection it was seen that PE-B has a distinct fracture surface. Elements 
such as crack tip blunting followed by yielding to leave a striated drawing pattern are 
common, but the apparent ductile formations visible in the centre seem to share 
many characteristics with brittle crazing which suggests the mode of failure switched 
from one to the other, perhaps as a result of Arkopal penetration or simply a material 
characteristic. 
 
8.8 DIC findings 
The use of DIC on such small sample areas posses many challenges that are not 
described anywhere in literature. The greatest problem is obtaining a good level of 
resolution in the results. As the sample area is so small the speckle pattern must 
contain very small dots, which are very difficult to obtain and much trial and error is 
needed. The lack of an accelerating agent, the use of constant extension rate and 
the fact that the samples are sectioned, must also all be taken into account when 
reviewing the results. Despite these obstacles, the results proved very useful.  
 
The lower bulk stress and higher localised strain areas surrounding the circular 
ligament notch, suggest that it has a higher level of notch tip constraint than the 
square ligament. This confines crack tip ductility to a smaller volume, increasing the 
local stress, promoting crazing ahead of the crack tip whilst conversely decreasing 
the bulk stress preventing yielding in the bulk from occurring. These two factors 
promote failure by brittle SCG and can decrease the time to failure if promoted. 
 
8.9 Craze growth structure and SEM findings 
To further understand the different failure mechanisms that occur between the 
different resins the damage structure formed by craze growth formations were 
investigated. A simplified method was used due to the inability of the experimental 
rigs to halt testing and clamp the samples to prevent further damage progression.  
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Whilst it is quite clear to see the damage formations and remark upon them, it is very 
difficult to correlate them to material properties as there were none provided and 
different properties can often have similar effects. 
 
The very high ESCR of PE-B can be attributed to the multiple craze formations that 
form ahead of the crack tip, severely blunting it and are assumed to be as a results 
of a high SCB content. This would prevent chain slippage from occurring once the 
maximum fibril draw ratio has been reached, causing stress to be relieved by other 
means, namely the formation of new crazes. 
 
In contrast, the damage formation of PE-A produces a single crack preceded by a 
single craze. This results in a very sharp crack tip with reduced crack tip ductility, 
which favours brittle failure, and also accounts for the lengthy crack propagation into 
the ligament. This could be accredited to a low SCB content allowing the chains to 
easily slip past one another with minimal fibril drawing occurring. 
 
As expected from the times to failure, the damage formation of PE-C is between that 
of the other two resins but closer to PE-A. The structure is the same as that for PE-A 
but smaller secondary cracks also form, due perhaps to increased resistance to fibril 
yielding as a result of more SCB. 
 
8.10 Summary 
For service companies, knowing the service life of PE pipes in use is vital to prepare 
maintenance schedules and prevent disruption to clients. These service lives can be 
found from extrapolating laboratory failure times from tests such as the test 
developed in this project. 
The superiority of the circular geometry over the antiquated square FNCT geometry 
has been proven by a marked reduction in the times to failure of the PE-A resins. 
Most of the individual parameters such as applied stress, ligament area and notching 
angle have also been optimised.  
Using the new test would allow for new grade resins to be tested in approximately 
half the time when compared to FNCT methods. This would allow for faster design 
feedback on new resins speeding up the development cycle. 
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Figure 8.1 – Applied Stress against time to failure lines for; Black: PE-B circular geometry, 
Red: PE-A circular geometry, Green: PE-A square geometry, Blue: PE-C circular geometry. 
Dotted lines are best estimates from the data obtained. For each line the section with the 
steeper gradient is ductile failure, the knee is the transition point and the shallow gradient is 
brittle failure. 
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8.11 Recommendations 
The recommendations that would follow from this project would be:  
 
1. Finish the testing schedule of PE-C and PE-B to conclusively show that the 
improvements to the testing procedure can be carried over to other resins and 
was not simply due to PE-A material characteristics. 
2. This procedure has industrial significance and could be turned into a standard 
for wider use. 
3. With material properties, either obtained from the manufacturer or from 
testing, a finite element analysis model could be constructed and used to gain 
a deeper understanding of stress patterns within the samples and optimise 
the geometry further. 
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